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ABSTRACT
Various studies, especially in recent years, have shown that quercetin has beneficial therapeutic 
effects in various human diseases, including diabetes. Quercetin has significant anti-diabetic effects 
and may be helpful in lowering blood sugar and increasing insulin sensitivity. Quercetin appears 
to affect many factors and signaling pathways involved in insulin resistance and the pathogenesis 
of type 2 of diabetes. TNFα, NFKB, AMPK, AKT, and NRF2 are among the factors that are affected 
by quercetin. In addition, quercetin can be effective in preventing and ameliorating the diabetic 
complications, including diabetic nephropathy, cardiovascular complications, neuropathy, delayed 
wound healing, and retinopathy, and affects the key mechanisms involved in the pathogenesis of 
these complications. These positive effects of quercetin may be related to its anti-inflammatory 
and anti-oxidant properties. In this article, after a brief review of the pathogenesis of insulin 
resistance and type 2 diabetes, we will review the latest findings on the anti-diabetic effects of 
quercetin with a molecular perspective. Then we will review the effects of quercetin on the key 
mechanisms of pathogenesis of diabetes complications including nephropathy, cardiovascular 
complications, neuropathy, delayed wound healing, and retinopathy. Finally, clinical trials investigating 
the effect of quercetin on diabetes and diabetes complications will be reviewed.

1.  Introduction

Diabetes is a common disease all over the world but it is 
more prevalent in developed countries. In general, diabetes 
is divided into two categories: type 1 diabetes mellitus and 
type 2 diabetes mellitus. However, diabetes can also occur 
in some conditions, such as pregnancy or poisoning by 
certain chemicals. Laboratory indicators for the diagnosis 
of diabetes include fasting plasma glucose greater than or 
equal to 126 mg/dl, two-hour plasma glucose greater than 
or equal to 200 mg/dl, and glycosylated hemoglobin (HbA1c) 
greater than or equal to 6.5%. Type 1 diabetes mellitus is 
an autoimmune disease in which the B cells of the pancreas 
langerhans islets, which produce insulin, are destroyed, so 
the patient needs insulin injections to survive. This disease 
occurs at a young age and accounts for about 5 to 10% of 
cases. Type 2 diabetes mellitus is associated with obesity 
and a sedentary lifestyle. This disease also has hereditary 
aspects. Type 2 diabetes accounts for about 90 to 95% of 
all cases of diabetes and is more prevalent in developed 
countries. The present article also focuses on type 2 diabetes 

and its complications. In this disease, the B cells of the 
langerhans islets are healthy, but the problem is insulin 
resistance. Insulin resistance occurs primarily in adipose 
tissue, skeletal muscle, and liver. Insulin resistance is 
described as a condition in which cells are unable to respond 
properly to insulin. Therefore, glucose uptake from the 
blood is impaired. The pancreas increases insulin secretion 
to alleviate this impairment. However, insulin resistance may 
lead to dysfunction of pancreatic β cells and impaired insu-
lin secretion. A wide range of factors including sedentary 
lifestyle, drugs such as corticosteroids, chronic inflammatory 
conditions, and some diseases such as PCOS and some 
genetic loci are associated with insulin resistance. Diabetes 
can be considered a very serious health challenge. More 
than one million deaths per year occur due to diabetes. In 
2017, the global prevalence rate of type 2 diabetes was 
estimated at 6059 cases per 100,000. It is estimated that this 
rate will increase to 7079 per 100,000 in 2030 (Khan et  al. 
2020). The complications of diabetes are not limited to one 
organ and involve various organs of the body including the 
heart, kidneys, brain, and eyes. Some of the complications 
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of diabetes are very common. For example, the prevalence 
of diabetic nephropathy is estimated to be between 6% and 
51% in various studies (Hicks and Selvin 2019). Treatment 
of diabetes and prevention of its complications is an active 
field of research.

In recent years, polyphenolic compounds have been con-
sidered as potentially useful compounds in the treatment 
of diabetes complications due to their anti-oxidant and 
anti-inflammatory properties. It seems that dietary polyphe-
nols have beneficial effects in the management of diabetes 
in various ways such as attenuating the intestinal absorption 
of carbohydrates, enhancing insulin secretion and sensitivity 
(Aryaeian, Sedehi, and Arablou 2017). Polyphenolic com-
pounds have also been considered as useful compounds for 
the treatment of diabetes complications (Borges et  al. 2016; 
Naseri et  al. 2019). One of these polyphenolic compounds 
is quercetin. A significant number of studies have focused 
on the anti-diabetic effects of quercetin and the benefits of 
this polyphenolic compound in the treatment of diabetic 
complications. In this review article, we tried to review the 
most interesting results of these studies.

2.  Quercetin: A polyphenol with therapeutic 
properties

Quercetin is a derivative of quercetum and a component of 
flavonols. Flavonols are a subclass of flavonoids. Flavonoid 
compounds are a group of natural compounds, have a phe-
nolic ring in their structure and are often found in vege-
tables (Maleki Dana et  al. 2021). Onions, chili peppers, 
spinach, apples, and asparagus are among the most import-
ant nutritional sources of quercetin (Dabeek and Marra 
2019). Mean flavonols intake among the European popula-
tion (18 to 64 years) is estimated at 23 ± 2 mg/d. In some 
countries, including Spain and the Czech Republic, it is 
lower (15 and 16 mg/d respectively) and in others, including 
Ireland and the Netherlands, much higher (38 and 31 mg/d 
respectively) (Vogiatzoglou et  al. 2015). In a study of the 
adult female population in northern China, the mean fla-
vonol intake was reported to be 16 · 29 mg/d (Sun et  al. 
2015). Therefore, it seems that the average intake of flavo-
nols varies from country to country. This amount of flavo-
nols intake cannot be considered appropriate amount. Some 
studies have reported a very interesting association between 
the use of flavonols, including quercetin, and a reduced risk 
of various human diseases. For example, a meta-analysis has 
shown that there is an inverse relationship between high 
flavonol intake and stroke risk in men (Wang et  al. 2014). 
The results of another meta-analysis suggest that high intake 
of flavonols may be associated with reduced risk of death 
from coronary heart disease (Huxley and Neil 2003). In a 
clinical trial performed on 150 people with metabolic syn-
drome traits, it was shown that quercetin supplementation 
could reduce systolic blood pressure and oxidized LDL, 
however, no significant effect was reported on serum TNFα 
and CRP levels (Egert et  al. 2009).

Quercetin also appears to have anti-cancer effects. In 
addition to a significant number of studies in cellular and 

animal models that have shown the anti-cancer effects of 
quercetin, some clinical studies have reported an inverse 
relationship between quercetin consumption and the risk of 
some cancers. For example, one study found an inverse 
association between high quercetin intake and the risk of 
noncardia gastric adenocarcinoma (Ekström et  al. 2011). 
Quercetin also appears to have antiviral effects, with the 
results of a meta-analysis suggesting that quercetin may 
reduce viral load and mortality rates in lower respiratory 
tract infections (Brito et  al. 2021). Quercetin may also have 
positive effects on kidney function, neuronal protection, and 
hepatocyte protection (Yang et  al. 2018; Khan et  al. 2019; 
Chen et  al., 2021). The question may now be what are the 
characteristics of quercetin that have such a wide range of 
positive effects on health? Although many dimensions of 
molecular mechanisms are not yet known, based on the 
available findings, these positive effects can be attributed to 
the anti-oxidant and anti-inflammatory properties of quer-
cetin. It seems that quercetin can enhance the expression 
of NRF2 and its translocation to the nucleus (Ramyaa, 
Krishnaswamy, and Padma 2014). NRF2 is a transcription 
factor. Under normal circumstances, this transcription factor 
is retained by Keap1 in the cytoplasm and subjected to 
ubiquitination and subsequent degradation in the protea-
some. Under conditions of oxidative stress, NRF2 goes to 
the nucleus and is involved in enhancing the expression of 
antioxidant genes (Deshmukh et  al. 2017; Vaghari-Tabari 
et  al. 2020). Quercetin can also attenuate iNOS expression 
and reduce NO production (Comalada et al. 2006). Therefore, 
it seems that quercetin can have a significant effect on 
strengthening the anti-oxidant system and prevent oxidative 
damage. Studies have shown that quercetin can reduce the 
expression of NFKB (Ramyaa, Krishnaswamy, and Padma 
2014), which is a central factor in the inflammatory process. 
In addition, quercetin appears to attenuate COX2 expression, 
reduce the release of TNFα, IL-6, IL1-B, and IL-8 following 
LPS stimulation, and reduce MCP-1 and ICAM-1 expression 
(Comalada et  al. 2006; Ramyaa, Krishnaswamy, and Padma 
2014; Cheng et  al. 2019; Xiong et  al. 2019). All of these are 
pro-inflammatory cytokines and key factors involved in the 
inflammatory process. Quercetin can not only attenuate the 
production of pro-inflammatory cytokines, but also appears 
to potentiate the production of IL-10, which has 
anti-inflammatory properties (Comalada et  al. 2006; 
Milenković et  al., 2010). All these findings indicate that 
quercetin is an effective anti-inflammatory compound. In 
addition, quercetin has effects on some of the cellular sig-
naling pathways. These effects have varied in different dis-
eases and conditions, as if quercetin acts as an intelligent 
regulator for the health of the body.

Some studies have shown that quercetin suppresses the 
phosphorylation of AKT and STAT3 and enhances the 
expression of PTEN, a negative regulator of the PI3K/AKT 
signaling pathway (Maurya and Vinayak 2017; Zhu, Zhou, 
and Zhao 2017). In addition, quercetin inhibitory effects on 
MAPK, mTOR, and B-catenin signaling pathways have been 
reported by various studies (Lu et  al. 2015; Seo et  al. 2015; 
Ren et  al. 2016). In addition, the link between quercetin 
and a number of miRNAs has been elucidated. For example, 
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quercetin appears to attenuate the activation of the NFKB 
and JNK signaling pathways in LPS-treated lung cell models 
by attenuating miR-221 expression (Wang et  al. 2019). Each 
of the above properties, from anti-oxidant effects to 
anti-inflammatory effects and effects on cellular signaling 
pathways, may be related to the beneficial health effects of 
quercetin reported in human studies. For example, quercetin 
appears to have protective effects against alzheimer disease 
with several mechanisms such as enhancing NRF2 translo-
cation to the nucleus, increasing glutathione and SOD levels, 
decreasing levels of inflammatory mediators such as TNFα 
and IL1-B, attenuating TLR4/NFKB signaling, and reducing 
ROS production, and attenuation of the mitochondrial apop-
totic pathway (Zhang et  al. 2020). It seems that the bene-
ficial effects of quercetin on the cardiovascular system are 
probably due to its anti-oxidant and anti-inflammatory 
properties. A study has shown that quercetin weakens the 
effect of ox-LDL in activating NFKB and enhancing IL6 
production (Bhaskar, Shalini, and Helen 2011). The molec-
ular mechanisms of the beneficial effects of quercetin on 
the liver and kidney are also somewhat known. The results 
of a study on mouse models showed that the protective 
effect of quercetin against alcohol-induced liver damage may 
be related to its inhibitory effects on the PI3K/AKT, NFKB, 
and STAT3 signaling pathways (Zhu, Zhou, and Zhao 2017). 
Another study showed that quercetin inhibited renal fibrosis 
possibly through inhibiting mTOR and β-catenin signaling 
(Ren et  al. 2016). Inhibitory effects of quercetin on the 
PI3K/AKT and mTOR signaling pathways are also involved 
in the anti-cancer properties of quercetin (Gulati et  al. 2006; 
Shen et  al. 2016). All of the above indicates that quercetin 
has beneficial therapeutic effects in various human diseases 
and affects a wide range of events and factors involved in 
various diseases ranging from redox balance to inflammation 
and cellular signaling pathways. In the following, we will 
focus specifically on the anti-diabetic effects of quercetin 
and its related mechanisms, after reviewing some key point 
regarding oxidative stress and inflammation roles in insulin 
resistance and type2 of diabetes.

3.  Oxidative stress, inflammation and typ2 of 
diabetes: A brief overview

Before discussing the anti-diabetic effects of quercetin, it is 
necessary to have a very brief overview of the role of oxi-
dative stress and inflammation in insulin resistance and type 
2 of diabetes. As mentioned in the introduction, in type 1 
diabetes, which is an autoimmune disease, there is destruc-
tion of pancreatic B cells and consequent defect in insulin 
secretion. In type 2 diabetes, autoimmunity is not involved, 
but hyperglycemia occurs due to insulin resistance which 
can eventually lead to dysfunction of pancreatic B cells and 
impaired insulin secretion. Insulin receptors) IR), which 
have four subunits and tyrosine kinase activity, are present 
on the surface of tissues that store carbohydrates in the 
form of glycogen or triacylglycerol, including liver, skeletal 
muscle, and adipose tissue, and mediate insulin signaling. 
Binding of insulin to these receptors causes 

auto-phosphorylation of these receptors in some tyrosine 
residues, which pave the way for the recruitment and phos-
phorylation of IRS adapter molecules. The phosphorylation 
of IRS1 and IRS2 molecules enables these molecules to 
activate PI3K. The activation of PI3K eventually leads to 
phosphorylation and activation of AKT. AKT plays a key 
role in the translocation of GLUT4 to the membrane surface 
(Keane et al. 2015; Sayem et al. 2018). GLUT4 brings glucose 
into the cell and thus insulin exerts its effect in this way. 
Therefore, it is obvious that any disruption in all stages of 
the aforementioned process, from mutations in the IRS to 
mutations in various components of the PI3K/AKT signaling 
pathway or any factor that can disrupt this process, reduces 
insulin sensitivity (Keane et  al. 2015). Inflammation and 
oxidative stress have an interesting relationship with insulin 
resistance and play an important role in the pathogenesis 
of diabetes. These events are key players in the development 
of diabetes complaints, as well. It seems that, hyperglycemia 
by various mechanisms increases the production of ROS 
and creates conditions of oxidative stress that the discussion 
of the details of these mechanisms is beyond the scope of 
this article. Potentiation of mitochondrial NADPH oxidase 
activity, higher NO levels, and xanthine oxidase activity are 
among the most important of mechanisms (Pitocco et  al. 
2013; Adela et  al. 2015). In addition, glucose auto-oxidation 
and the production of AGEs play a significant role in the 
production of ROS (Keane et  al. 2015). Oxidative stress can 
disrupt insulin signaling and increase insulin resistance. In 
addition, oxidative stress can also cause diabetes complica-
tions such as, retinopathy, nephropathy, and neuropathy 
(Asmat, Abad, and Ismail 2016). Oxidative stress plays a 
role in insulin resistance in various ways.

For example, there is some evidence for the role of oxi-
dative stress in the loss of IRS-1 through a 
p38MAPK-dependent signaling mechanism (Archuleta et  al. 
2009). There is also a close link between oxidative stress 
and inflammation. The inflammatory process is a key player 
in insulin resistance and diabetes. NFKB signaling plays a 
pivotal role in inflammation. It appears that oxidative stress 
may impair IRS-1 phosphorylation and PI3K activation 
through NFKB activation (Ogihara et  al. 2004). A study of 
mice fed a high-fat diet also found that the lack of NRF2 
boosted NFKB signaling and induced insulin resistance in 
the liver (Liu, Mei, et  al. 2016). From these results, the 
possibility of strengthening the anti-oxidant defense on 
weakening inflammation and insulin resistance is inferred. 
Interestingly, in the hearts of diabetic patients and mouse 
models, NRF2 expression is significantly reduced while ERK 
phosphorylation is increased. ERK appears to enhance oxi-
dative stress and insulin resistance by attenuating NRF2 
activity (Tan et  al. 2011). Oxidative species such as NO have 
the ability to enhance TNFα production. TNFα plays a very 
destructive role in the development of insulin resistance and 
is considered one of the links between obesity and diabetes, 
because, obesity develops a subclinical form of inflammation 
that is associated with increased levels of pro-inflammatory 
cytokines, including TNFα. This subclinical inflammation 
may be due to increased number of M1 macrophages and 
other immune cells such as B and T lymphocytes in adipose 
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tissue (Appari, Channon, and McNeill 2018; Tsalamandris 
et  al. 2019). It should be noted that M1 macrophages are 
considered as pro-inflammatory phenotype and M2 macro-
phages are considered as anti-inflammatory phenotype of 
macrophages (Moein et  al. 2019). It seems that TNFα can 
exert a detrimental effect on insulin signaling in various 
ways. It appears that this cytokine converts IRS-1 to an 
inhibitor of IR tyrosine kinase activity by inducing phos-
phorylation of some serine residues in IRS-1 (Hotamisligil 
et  al. 1996). JNK, a transcription factor that can be activated 
by TNFα, also appears to be involved in IRS-1 serine phos-
phorylation, leading to impaired IR mediated tyrosine phos-
phorylation of IRS-1 (Aguirre et  al. 2000). On the other 
hand, TNFα seems to be able to boost hormone-sensitive 
lipase activity in adipose tissue and increase blood free fatty 
acid levels (Keane et  al. 2015). Free fatty acids can in turn 
boost IRS-1 serine phosphorylation and impair insulin sig-
naling and glucose uptake in the skeletal muscle (Den 
Hartogh et  al. 2020). Besides, it seems that TNFα can also 
attenuate AMPK signaling, thereby causing insulin resistance 
in the skeletal muscle (Steinberg et  al. 2006). It should be 
noted that AMPK acts as an energy sensor and enhances 
glucose uptake and fatty acid oxidation when energy needs 
are required, while weakening glucose and lipid production 
processes (Long and Zierath 2006).

In addition to TNFα, white adipose tissue secretes other 
pro-inflammatory cytokines, such as IL-6 and IL-1 as well 
as adipokines, including adiponectin and resistin, which are 
involved in insulin resistance. For example, IL6 appears to 
disrupt insulin signaling by inducing SOCS-3 expression, 
which is capable of inhibiting insulin signaling (Rehman 
et al. 2017). Inflammation plays a key role in the impairment 
of pancreatic β cells function, which may occur in type 2 
of diabetes. One of the important mechanisms that appear 
to be involved in the dysfunction and apoptosis of pancreatic 
B cells is a mechanism dependent on IL1, NFKB, and NO, 
which is another aspect of the association between inflam-
mation, oxidative species, and diabetes. In this mechanism, 
IL-1R signaling activates NFKB in β cells. NFKB affects the 
expression of iNOS and enhances NO production. NO 
appears to be involved in β cells dysfunction and apoptosis 
(Keane et  al. 2015). There is also an interesting link between 
gut microbiota and inflammation, which seems to be very 
important in the pathogenesis of type 2 diabetes. Various 
studies have shown that changes in the composition of gut 
bacteria can lead to subclinical inflammation in type 2 dia-
betes. The population of beneficial bacteria such as 
Akkermansia muciniphila and Faecalibacterium prausnitzii 
seems to be significantly reduced in patients with type 2 
diabetes compared to healthy individuals, while the popu-
lation of Escherichia coli is significantly increased (Ghaemi 
et  al. 2020). These changes in bacterial composition can 
weaken the gut barrier. The surface of the gut epithelium 
is covered by a layer of mucus named the mucosal barrier 
or gut barrier. This gut barrier prevents over-infiltration of 
intestinal lumen bacteria into the underlying layers. The 
strength of this intestinal barrier depends on the tight junc-
tions between adjacent epithelial cells. Akkermansia 
muciniphila can increase occludin expression, a key protein 

in tight junctions, enhance tight junctions, reduce intestinal 
permeability, and improve glucose tolerance in mouse mod-
els of diabetes (Chelakkot et  al. 2018). It seems that micro-
bial anti-inflammatory molecule (MAM), a metabolite of 
Faecalibacterium prausnitzii, may also strengthen the gut 
barrier in type 2 diabetes by increasing the expression of 
zona occludens 1 (ZO-1), another important protein of tight 
junctions (Xu et  al. 2020). Therefore, reducing the popula-
tion of these bacteria may weaken the gut barrier in type 
2 diabetes. Besides, it appears that E. coli can lyse mucin 
and weaken the intestinal barrier by secreting a metabolic 
enzyme called StcE (Yang, Wei, et  al. 2021). Damage to the 
intestinal barrier can cause some components of intestinal 
bacteria called pathogen-associated molecular patterns 
(PAMPs) to enter the circulation, which can cause systemic 
inflammation in type 2 of diabetes. One of the most import-
ant of these PAMPs is LPS, which is located on the surface 
of gram-negative bacteria (Yang, Wei, et  al. 2021).

Metabolic endotoxemia, which is referred to some con-
ditions such as elevated plasma LPS levels, appears to play 
an important role in stimulating inflammation and patho-
genesis of type 2 of diabetes. LPS can be detected by 
Toll-like receptor 4 (TLR-4) of macrophages, which leads 
to the activation of macrophages and the production of high 
levels of inflammatory mediators including TNF-α, IL6, 
IL-1β, and MCP-1. These inflammatory mediators can also 
induce other immune cells, which can lead to enhanced 
inflammation in tissues, including metabolically important 
tissues. A high-fat diet can also enhance the production of 
intestinal chylomicrons and facilitate the transport of LPS 
from the intestinal lumen to other tissues (Cani et  al. 2012; 
Yang, Wei, et  al. 2021). As mentioned above, inflammatory 
mediators, especially TNF-a, play a very destructive role in 
insulin resistance and the pathogenesis of type 2 diabetes. 
In addition, some intestinal bacteria whose populations 
appear to be reduced in type 2 of diabetes, including 
Akkermansia muciniphila, have anti-inflammatory proper-
ties. For example, Akkermansia muciniphila appears to 
reduce serum levels of TNF-α and LPS in diabetic rats. On 
the other hand, this bacterium seems to be able to induce 
IL-10, which is a cytokine with anti-inflammatory properties 
(Zhang et  al. 2018; Gurung et  al. 2020). Therefore, changing 
the composition of intestinal bacteria that can cause damage 
to the intestinal barrier can also be a key player in enhanc-
ing inflammation in type 2 of diabetes. The results reviewed 
above may justify the results of a study that showed an 
increase in the population of bacteria with inflammatory 
properties (e.g., Bacteroides caccae, Lactobacillus ruminis, 
and Bacteroides caccae) and a decrease in the population 
of anti-inflammatory bacteria (e.g., Butyrivibrio and 
Faecalibacterium prausnitzii) may be involved in the devel-
opment of type 2 of diabetes (Kulkarni, Devkumar, and 
Chattopadhyay 2021). Given the above, which is only a 
summary of the role of inflammation and oxidative stress 
in insulin resistance and pathogenesis of type 2 of diabetes, 
it seems that further studies on inflammation and oxidative 
stress can be helpful in finding appropriate treatment 
approaches for more effective treatment of type2 diabetes. 
It is possible that natural compounds with strong anti-oxidant 
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and anti-inflammatory properties may be helpful in the 
treatment of diabetes. Quercetin is one of these compounds 
that appears to have significant anti-diabetic effects, which 
will be discussed in the next section (Figure 1).

4.  The anti-diabetic effects of quercetin

Limited epidemiological studies have been performed on 
the relationship between dietary quercetin intake and dia-
betes risk, and different results have been reported. A study 
of the American population published 16 years ago found 
no significant association between quercetin intake and 
type2 of diabetes (Song et  al. 2005). However, a recent study 
of the Chinese adult population found an inverse relation-
ship between quercetin intake and the prevalence of type 2 
diabetes (Yao, Du, et  al. 2019). Although more epidemio-
logical studies in different communities are needed to clarify 
the relationship between dietary quercetin intake and dia-
betes risk, various animal models studies and clinical inves-
tigations have shown that quercetin has an anti-diabetic 
effect, possibly due to its anti-inflammatory and anti-oxidant 
properties as well as its effects on various cellular signaling 
pathways. For example, a study on STZ-induced diabetes 
rat models showed that quercetin could lower glucose levels 
significantly. In addition, the findings of this study showed 

that quercetin increased the activity of sirtuin-1, catalase, 
and superoxide dismutase in renal tissue while decreasing 
MDA and NFKB levels (Iskender et  al. 2017). It should be 
noted that MDA is an indicator of lipid peroxidation and 
high levels of MDA indicate oxidative stress. Given the 
destructive role of NFKB and the oxidative stress mentioned 
above, these findings can be considered very important. A 
recent study on Arbor Acre (AA) broilers models showed 
that quercetin supplementation had a significant effect on 
lowering fasting blood glucose and fasting insulin. In this 
study, in which hyperglycemia was induced by streptozotocin 
(STZ) administration in AA broilers, it was also shown that 
quercetin supplementation could reduce MDA and NO lev-
els, attenuate PI3K, AKT, GSK-3β, and insulin receptor (IR) 
expression, and upregulate insulin receptor substrate 1 
(IRS-1). In this study, no significant effect of quercetin was 
observed on reducing MCP-1 and IL-6, but quercetin 
increased TNFα level (Ying et  al. 2020). Given the highly 
destructive role of NO in the pathogenesis of diabetes and 
pancreatic β cell dysfunction mentioned above, the effect 
of quercetin in reducing NO can be very important and 
further studies should be performed on this issue. The 
effects of quercetin on IR and AKT expression are incon-
sistent with the effects of quercetin on lowering fasting 
glucose and insulin in this study. Also, some results of this 
study contradict the results of some other studies, which 

Figure 1. O xidative stress and inflammation are the main players in diabetic condition. In this regard quercetin as an anti-inflammatory and anti-oxidative 
agent plays its anti-diabetic roles through affecting these pathways.
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suggest the possibility of a complex mechanism in the 
anti-diabetic effects of quercetin.

Another study on STZ-induced diabetic rats showed 
that treatment with quercetin at 100 mg/kg b.w, reduces 
the degeneration of pancreatic tissue cells. This study also 
showed that treatment with quercetin could increase insulin 
and TNFα levels and decrease MDA levels (Dokumacioglu 
et  al. 2018). However, in another study on high fat diet/
STZ-induced diabetic rats, quercetin 0.1% had no signifi-
cant effects on reducing fasting glucose, insulin resistance 
index (HOMA-IR) and plasma insulin, but found that 
quercetin 0.1% significantly increases the expression of 
GLUT4 and insulin receptors in skeletal muscle. This study 
also showed that treatment with quercetin 0.1% could 
reduce MDA and TNFα levels. (Jung et  al. 2011). These 
results may support the hypothesis that quercetin increases 
glucose uptake by cells. This hypothesis is further rein-
forced by the results of another study which showed that 
quercetin could somewhat attenuate the effect of TNFα on 
inducing insulin resistance in skeletal muscle cells and 
improve glucose uptake, possibly, through activating the 
AKT and AMPK signaling pathways and suppressing the 
NFKB signaling and the NO/iNOS system (Dai et  al. 2013). 
In the previous section, we mentioned the suppressive 
effect of TNFα on AMPK, which acts as an energy sensor 
in boosting glucose uptake and oxidation of fatty acids. 
Therefore, it seems that quercetin weakens one of the 
important mechanisms of insulin resistance by weakening 
this suppressive effect. The results of a study performed 
on PCOS rat models also show the effect of quercetin on 
increasing insulin sensitivity. This study demonstrated that 
quercetin could significantly reduce the levels of IL-1B, 
IL6, TNFα, blood insulin, fasting blood glucose, and insu-
lin resistance index (HOMA-IR). The results of this study 
suggest that quercetin may reduce insulin resistance in 
PCOS rat models by attenuating TLR4/NFKB signaling 
(Wang et  al. 2017). Because, as mentioned in the intro-
duction, PCOS is one of the diseases that seems to be 
associated with insulin resistance, further studies, especially 
clinical studies, are needed to investigate the effects of 
quercetin on insulin resistance in PCOS. The results of a 
very interesting study suggest that the effect of quercetin 
on glucose uptake is conditional, so that under normal 
conditions quercetin attenuates the effect of insulin on 
glucose disposal in skeletal muscle, while in inflammatory 
conditions it improves insulin function (Liu, Mei, et  al. 
2016). Therefore, it can be hypothesized that quercetin in 
obese people who may have subclinical inflammation may 
have a significant effect on increasing insulin sensitivity 
and controlling diabetes. This hypothesis needs to be fur-
ther investigated in a clinical study. It is also necessary to 
evaluate the effect of quercetin on the efficacy of drugs 
such as metformin, which are prescribed to diabetic 
patients to increase insulin sensitivity.

The results of the studies reviewed above on the effect 
of quercetin on TNFα are contradictory and some indicate 
a decreasing effect and some an increasing effect. In inter-
preting these contradictory results, factors such as the ani-
mals’ diet and the concentrations of quercetin should be 

considered. However, further studies, preferably clinical 
investigations in diabetic and obese patients, are necessary 
to elucidate the effect of quercetin on TNFα levels. TNFα 
may play a role in the regulation of glucose uptake by 
quercetin under normal conditions and inflammatory con-
ditions. Several other hypotheses can be made for the con-
tradictory effects of quercetin on TNFα reported by various 
studies. Therefore, one of the most interesting topics for 
future studies is to investigate the relationship between quer-
cetin, TNFα, and glucose uptake under normal and inflam-
matory conditions. It seems that the effect of quercetin on 
boosting NRF2 mentioned in the previous sections also 
plays a role in weakening insulin resistance and lowering 
glucose. In a study of mouse models of type 2 of diabetes, 
it was shown that treatment with low or high doses of 
quercetin could enhance NRF2 expression and has positive 
effects on lowering glucose and weakening insulin resistance 
(Yang, Wei, et  al. 2021). In addition, quercetin appears to 
attenuate ERK phosphorylation in adipocytes (Ahn et  al. 
2008). In the previous section, we mentioned the possible 
role of ERK in enhancing oxidative stress and insulin resis-
tance by suppressing NRF2 activity. It was also mentioned 
that IL6 may impair insulin signaling by inducing SOCS3. 
It seems that quercetin can weaken the expression of SOCS3 
in the liver (Khodarahmi et  al. 2019). Quercetin also affects 
the polarization of macrophages in adipose tissue. A very 
interesting study on high-fat diet mice showed that quercetin 
inhibits the recruitment of immune cells into adipose tissue, 
shifts the polarization of adipose tissue macrophages to M2 
macrophages, reduces levels of pro-inflammatory cytokines 
including TNFα, IL6, and MCP-1, attenuates insulin resis-
tance, and increases glucose uptake by adipocytes (Dong 
et  al. 2014). Quercetin can also affect the composition of 
intestinal bacteria. In the previous section, we mentioned 
the reduction of Akkermansia population in type 2 diabetes 
and the anti-inflammatory properties of this bacterium. The 
results of a study in mice on a high-fat diet showed that 
supplementation with 0.05% quercetin for 6 weeks could 
increase the relative frequency of Akkermansia, reduce blood 
glucose levels, plasma insulin levels, and enhance insulin 
sensitivity (Tan et  al. 2021). Besides, quercetin can disrupt 
E.coli’s cell wall and membrane, and supplementation with 
quercetin may reduce the population of E.coli in the cecum 
of AA broiler chickens (Wang et  al. 2018). It seems that 
quercetin can increase the expression of some proteins in 
narrow intestinal junctions, including occludin and 
Claudin-4, and enhance gut barrier function (Amasheh et  al. 
2008; Xu et  al. 2021). Thus, that the regulation of gut micro-
biota by natural compounds like quercetin can be a practical 
approach for diabetes management (Li, Xu, et  al. 2019; Meng 
et  al. 2019).

Therefore, it seems that quercetin affects almost all the 
key mechanisms of insulin resistance, which were briefly 
mentioned in the previous sections, and has strong 
anti-diabetic properties that are related to its anti-oxidant 
and anti-inflammatory properties. The results reviewed 
above suggest that quercetin can be further studied as a 
natural product to increase insulin sensitivity and type 2 of 
diabetes prevention and treatment (Figure 1).
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5.  Quercetin and complications of diabetes

As mentioned in the introduction, the complications of 
diabetes are not limited to one organ and may involve sev-
eral organs. Oxidative stress and inflammation play key roles 
in diabetic complications. Therefore, compounds with 
anti-oxidant and anti-inflammatory properties, including 
quercetin, can be considered for the prevention and treat-
ment of diabetes complications. In the previous section, the 
effects of quercetin on increasing insulin sensitivity and 
glycemic control were discussed, and based on the results 
of reviewed studies, quercetin has significant anti-diabetic 
properties. In this section, we will discuss the effects of 
quercetin in the prevention and treatment of diabetes com-
plications on various organs, including the kidneys, cardio-
vascular system, nervous system and eyes (Figure 2).

5.1.  Quercetin and diabetic nephropathy

Renal complications are very common in diabetes and dia-
betic nephropathy is one of the most common kidney dis-
eases which can lead to end-stage renal disease (ESRD). 
Diabetic nephropathy is associated with structural and func-
tional changes in the kidney. Structural changes in the 

glomerulus can include mesangial expansion, thickening of 
the basement membrane, and glomerulosclerosis. In tubules, 
hypertrophy, atrophy, interstitial fibrosis, and arteriolar hya-
linosis are among the structural changes (Lim 2014). 
Diabetic nephropathy is associated with hyper-filtration and 
albuminuria, which can exacerbate renal dysfunction 
(Kanwar et  al. 2008). The disease has a very complex patho-
genesis and several mechanisms are involved in the patho-
genesis of this disease, the discussion of the details of these 
mechanisms is beyond the scope of this article. Briefly, 
interactions between metabolic and hemodynamic factors 
are involved in the pathogenesis of diabetic nephropathy, 
and the role of renin-angiotensin system, AGEs, inflamma-
tion, and oxidative stress, is very important.

Glucose reabsorption in the proximal tubule is performed 
by sodium-dependent glucose transporters. These trans-
porters can cotransport glucose and sodium into the cir-
culation. Therefore, hyperglycemia, which is accompanied 
by an increase in the load of filtered glucose, reduces the 
delivery of sodium to maculadensa, which is involved in 
regulating blood pressure, leading to activation of the 
renin-angiotensin system, which results in increased glo-
merular blood pressure and renal hyper-filtration (DeFronzo, 
Reeves, and Awad 2021). As mentioned in the previous 

Figure 2.  Quercetin protective mechanisms of action in diabetic complications.
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sections, hyperglycemia is associated with increased pro-
duction of AGEs. AGEs can bind to the collagen and pro-
teins that make up the glomerular basement membrane, 
disrupting the glomerular barrier, increasing permeability, 
and enhancing the passage of proteins (Zelmanovitz et  al. 
2009). AGEs can activate key players involved in the patho-
genesis of diabetic nephropathy such as PKC, TGF-β, and 
NFKB (Kanwar et  al. 2008; Soldatos and Cooper 2008). 
Each of these factors plays a destructive role in the patho-
genesis of diabetic nephropathy. PKC may be involved in 
basement membrane impairment and albuminuria.(Soldatos 
and Cooper 2008) TGF-B1 is involved in the accumulation 
of extracellular matrix in the mesangium and causes glo-
merulosclerosis and interstitial fibrosis. In general, it can 
be considered a cytokine with fibrogenic and hypertrophic 
effects in diabetic nephropathy (Chang et  al. 2016). NFKB 
can enhance the expression of inflammation-related genes 
such as adhesion molecules, pro-inflammatory cytokines, 
and chemoattractants (Donate-Correa et  al. 2020). MCP-1 
is among the chemotaxis molecules that enhance the 
recruitment of monocytes from the circulation. ICAM-1 is 
one of the adhesion molecules and its upregulation in endo-
thelial cells plays a key role in infiltration of mononuclear 
cells into the kidney. CSF-1 is involved in enhancing mono-
cyte/macrophage proliferation, differentiation, and activa-
tion. Active macrophages can produce pro-inflammatory 
and pro-fibrotic cytokines, and potentiate oxidative stress 
by producing ROS, which can lead to promotion of inflam-
mation, progressive fibrosis, and glomerular filtration 
impairment (Lim 2014). Pro-inflammatory cytokines, 
including TNFα, IL-6, and IL-18, play a highly destructive 
role in the pathogenesis of diabetic nephropathy. IL18 is 
involved in the pathogenesis of diabetic nephropathy by 
various mechanisms, such as enhancing ICAM-1 expression, 
pro-inflammatory cytokines, and stimulating apoptosis. 
Elevated IL-6 levels are associated with glomerular basement 
membrane thickness, mesangium expansion, and elevated 
fibronectin levels. TNFα is associated with changes in endo-
thelial cell permeability that can lead to decreased GFR. 
TNFα also raises ROS levels within the kidney cells, which 
can cause changes in the glomerular capillary wall and 
increase UAE (Donate-Correa et  al. 2020).

Inflammatory events associated with changes in the com-
position of intestinal bacteria and increased intestinal per-
meability mentioned in the previous section may also be 
involved in damaging podocytes and endothelial cells, and 
play an important role in the pathogenesis of diabetic 
nephropathy (Wang et  al. 2021). The oxidative stress that 
occurs in hyperglycemic conditions and discussed earlier 
may play an important role in the induction of angiotensin 
II and the synthesis of TGF-B, fibronectin, and type IV 
collagen, which are key factors in the development of glo-
meruloesclerosis (Zelmanovitz et  al. 2009). NRF2, which is 
involved in strengthening anti-oxidant defenses, has a pro-
tective role against pathological changes in glomeruli 
(Donate-Correa et  al. 2020). It seems that NRF2 can inhibit 
TGF-B1 and attenuate the production of extracellular matrix 
and activation of NRF2 has been suggested as a therapeutic 
approach in slowing the progress of diabetic nephropathy 

(Jiang et  al. 2010; Zheng et  al. 2011). Although what has 
been reviewed above is a summary of the most important 
mechanisms involved in the pathogenesis of diabetic 
nephropathy, it clearly demonstrates the destructive role of 
inflammation and oxidative stress in the pathogenesis of 
this disease. Quercetin as an anti-oxidant and 
anti-inflammatory compound with significant anti-diabetic 
properties discussed above has beneficial effects in improv-
ing diabetic nephropathy. Quercetin in addition to its 
anti-diabetic effects, which can be effective in controlling 
hyperglycemia and preventing the renal complications of 
diabetes, affects all the important mechanisms involved in 
the pathogenesis of diabetic nephropathy. For example, it 
seems that quercetin can attenuate the renin-angiotensin 
system by attenuating angiotensin-converting enzyme (ACE) 
activity (Parichatikanond, Pinthong, and Mangmool 2012). 
Immunohistochemical examination of the kidney tissue of 
rat models of diabetic nephropathy showed that quercetin 
could reduce the expression of AGEs around the capsule 
and tubular basement membrane (Tang et  al. 2020). A study 
of diabetic rat models showed that TGF-β and CTGF expres-
sion increased in kidney tissue, but quercetin administration 
could attenuate these over-expressions (Lai, Zhang, and Yang 
2012). Given the destructive role of TGF-B in the patho-
genesis of diabetic nephropathy mentioned above, these 
findings could be very important and suggest that quercetin 
may be able to enhance renal function in diabetic nephrop-
athy by impairing TGF-B expression, so further studies are 
needed. It seems that quercetin can attenuate the effect of 
hyperglycemia in upregulating NFKB and MCP-1 in 
mesangial cells and exert a suppressive effect on these key 
inflammatory factors (Chen et  al. 2012). Another study in 
diabetic rats showed that quercetin could reduce the glo-
merular ECM accumulation index and attenuate the expres-
sion of NF-κB p65 in kidney tissue. In this study, it was 
also shown that quercetin had a significant effect on reduc-
ing BUN and 24-h urine protein, which indicates the pos-
itive effect of quercetin on improving renal function (Chen 
et  al. 2013).

A study on diabetic rats showed that quercetin could 
attenuate ICAM-1 expression in the endothelium, reduce 
the infiltration of inflammatory cells into kidney tissue, 
alleviate pathological injury to kidney tissue, and improve 
kidney function (Tong et  al. 2017). A study of diabetic rat 
models showed that quercetin could significantly reduce 
AGEs levels in kidney tissue and serum levels of TNFα and 
IL-6. This study also showed that quercetin significantly 
reduced serum levels of urea, creatinine, and cystatin C 
(Alnahdi et  al. 2017), indicating a positive effect on improv-
ing renal function and protecting against diabetic nephrop-
athy. Another study of rat models showed that quercetin at 
a dose of 100 ml/kg was able to significantly reduce IL-18 
and IL-1B levels in the serum and kidney tissue. In this 
study, it was also shown that quercetin at a dose of 100 ml/
kg has a significant effect on reducing serum levels of uric 
acid, creatinine, and urea nitrogen and also significantly 
increases creatinine clearance (Wang et  al. 2012). These 
results suggest that some of the protective effects of quer-
cetin in diabetic nephropathy may be due to the remarkable 
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anti-inflammatory properties of quercetin. Due to the role 
of oxidative stress in the induction of fibrogenic factors 
such as TGFB, as well as the close association of oxidative 
stress with the inflammatory process, the anti-oxidant prop-
erties of quercetin may be related to its protective effects 
against diabetic nephropathy. A study of diabetic rats showed 
that four weeks of quercetin treatment at 10 mg/kg per day 
had a significant effect on reducing MDA levels and increas-
ing GSH, catalase, and SOD levels in kidney tissue. This 
study, like the previous studies, showed that quercetin has 
positive effects on increasing creatinine clearance and reduc-
ing serum creatinine and nitrogen urea levels as well as 
reducing albumin excretion (Anjaneyulu and Chopra, 2004). 
Therefore, it seems that strengthening the anti-oxidant sys-
tem and weakening oxidative stress by quercetin play a role 
in attenuating diabetic nephropathy. Quercetin appears to 
attenuate the production of superoxide anion in kidney cells 
and also has positive effects in preventing glomerulosclerosis 
in diabetic nephropathy (Gomes et  al. 2014). Another study 
in rat models of diabetic nephropathy showed that quercetin 
increased GSH and SOD levels in kidney tissue and 
decreased MDA levels. A similar pattern was observed in 
the blood. The findings of this study also showed that quer-
cetin attenuates the TGF-B/Smads signaling pathway. The 
results of histological examination of this study also showed 
that quercetin reduces the thickness of the glomerular base-
ment membrane and attenuate podocyte damage (Gao et  al. 
2018). These findings clearly show the positive effects of 
quercetin on diabetic nephropathy and its possible associ-
ation with the anti-oxidant properties of quercetin. The 
effect of quercetin on boosting NRF2 mentioned in the 
previous sections may also play a role in boosting 
anti-oxidant defense and the protective effects of quercetin 
in diabetic nephropathy, which need to be investigated in 
future studies.

In addition, the possible role of intestinal barrier weak-
ening and related inflammation in endothelial cell damage 
and the pathogenesis of diabetic nephropathy (Wang et  al. 
2021), the possible increase in the population of bacteria 
such as E. coli and shigella in the gut of patients with 
diabetic kidney disease (He et  al. 2022), and the effects of 
quercetin in damaging E. coli and increasing the population 
of bacteria with anti-inflammatory properties (Wang et  al. 
2018; Tan et  al. 2021), suggest that the effects of quercetin 
on intestinal bacteria may also be related to the beneficial 
effects of quercetin on diabetic nephropathy. This hypothesis 
needs to be analyzed in future studies. In overall, quercetin 
appears to have protective effects against diabetic nephrop-
athy by attenuating the key destructive mechanisms involved 
in the pathogenesis of the disease, and the anti-inflammatory 
and anti-oxidant properties of quercetin may be very import-
ant in this regard.

5.2.  Quercetin and cardiac complications of diabetes

Cardiovascular disease is the most common cause of death 
among diabetics. Diabetes greatly increases the risk of car-
diovascular disease, and the risk of death from 

cardiovascular disease in adults with diabetes in the United 
States was estimated to be 1.7 times higher than in adults 
without diabetes (Leon and Maddox 2015). Diabetes affects 
a variety of risk factors that play a key role in the patho-
genesis of cardiovascular disease. One of the most important 
of these risk factors is dyslipidemia. Numerous clinical stud-
ies have shown increased levels of total cholesterol and 
triglycerides levels in patients with type 2 of diabetes (Singla 
et  al. 2009; Ramazani, Qujeq, and Moazezi 2019). Decreased 
HDL levels and increased LDL levels have also been reported 
in diabetic patients (Singla et  al. 2009). Elevated LDL has 
been reported even in pre-diabetic patients compared to 
healthy individuals (Fardipour et  al. 2020). LDL is an 
important player in the pathogenesis of atherosclerosis. 
Briefly, the uptake of oxidized LDL (OX-LDL) by macro-
phages may initiate the formation of atherosclerotic lesions. 
The inflammatory process causes these lesions to develop, 
eventually forming a lipid center with a significant cho-
lesteryl ester content that is surrounded by a large number 
of macrophages and inflammatory cells. The structure is 
also covered by a cap made of endothelial connective tissue. 
Advanced lesions may also contain calcium deposits. Cap 
destruction and plaque rupture can trigger the coagulation 
process, leading to clot formation, obstruction, and acute 
coronary syndrome. Anti-oxidants such as tocopherol, ascor-
bate, and beta-carotene appear to prevent LDL oxidation 
and impair the progression of atherosclerosis (Jialal and 
Fuller 1993).

Elevated fatty acid levels in the diabetic patients men-
tioned above play a very destructive role in dyslipidemia. 
Increasing free fatty acids and glucose in the liver reduces 
the breakdown of apoB100 and enhances VLDL secretion. 
In type 2 of diabetes, it appears that apoB48 production in 
the intestine is also accelerated. High levels of triglycerides 
in diabetics may potentiate CETP activity, which increases 
the exchange of triglycerides and cholesteryl esters between 
triglyceride-rich lipoproteins and HDL and LDL. These 
events lead to the production of triglyceride-rich HDL, 
which has a short plasma half-life. Triglyceride-rich LDLs 
are also degraded by lipoprotein lipase and liver lipase, 
which reduces LDL size (Wu and Parhofer 2014). Small 
LDLs are highly atherogenic particles. There may also be 
detrimental effects of AGEs, inflammation, and oxidative 
stress on HDL function, leading to HDL dysfunction in 
diabetes (Srivastava 2018). On the other hand, insulin resis-
tance in diabetes is associated with increased levels of PAI-1 
and fibrinogen and enhanced coagulation (Cheung and Li 
2012). In addition, insulin resistance appears to be associated 
with elevated homocysteine levels, an important risk factor 
for cardiovascular disease (Meigs et  al. 2001; Ebrahimpour, 
Vaghari-Tabari, et  al. 2018). Hypertension is another risk 
factor for cardiovascular disease that is so common in dia-
betics that it is estimated that 60% of patients with type 2 
of diabetes have hypertension (Matheus et  al. 2013). 
Discussing why diabetes increases the risk of hypertension 
requires another review article. In summary, increased 
renin-angiotensin system activity, endothelial dysfunction 
due to oxidative stress and inflammation, and enhanced 
sodium reabsorption due to insulin resistance and increased 
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insulin concentrations are probably the most important 
causes of hypertension in diabetes (Ohishi 2018; Petrie, 
Guzik, and Touyz 2018). In addition to the aforementioned 
events, inflammation and oxidative stress also have destruc-
tive effects on heart cells. Diabetic cardiomyopathy is a 
ventricular disorder that is independent of coronary heart 
disease. Renin-angiotensin system disorders, systemic met-
abolic disorders, oxidative stress and inflammation are also 
involved in the pathogenesis of this disease. These events 
can cause interstitial fibrosis of the heart tissue, impaired 
diastole, and ultimately impaired cardiac systole, with com-
plex mechanisms that are beyond the scope of this article 
but have been discussed elsewhere (Jia, Whaley-Connell, 
and Sowers 2018). Pro-inflammatory cytokines, including 
TNFα, IL6, and MCP-1, are involved in cardiac fibrosis and 
diastolic dysfunction. AGEs also play a destructive role in 
cardiac fibrosis by stimulating the NFKB signaling, which 
leads to an increase in pro-inflammatory cytokines. In addi-
tion, in diabetic heart tissue, the polarization of M2 mac-
rophages is weakened and the polarization of M1 
macrophages, which are involved in cardiac fibrosis, is 
enhanced (Jia, Whaley-Connell, and Sowers 2018).

It seems that stimulation of the immune system by intes-
tinal bacteria, whose role in the pathogenesis of diabetes 
was mentioned in the previous sections, is also involved in 
the development of cardiovascular diseases, and an inter-
esting association between plasma levels above 50 pg/ml of 
endotoxin and an increased risk of cardiovascular disease 
has been reported (Wiedermann et  al. 1999; Miele et  al. 
2015). An inverse association between plasma levels of ath-
erogeniclysophosphatidylcholine (LPC 18: 1) and some gut 
bacteria including Actinobacteria and Cyanobacteri has been 
reported in mice on a high-fat diet (Nie et  al. 2019). 
Decreased populations of bacteria with anti-inflammatory 
properties such as Faecalibacterium and increased popula-
tions of Escherichia-Shigella have also been reported in 
patients with coronary artery disease (Zhu et  al. 2018). As 
mentioned in the previous sections, oxidative stress and 
inflammation are closely related (Jia, Whaley-Connell, and 
Sowers 2018). Oxidative spices appear to be involved in 
cardiomyocyte apoptosis. For example H2O2 can be involved 
in hypertrophy and cardiomyocyte apoptosis by inducing 
the ERK1/2 MAPK, JNK, p38MAPK, and AKT signaling 
pathways (Kayama et  al. 2015). What has been reviewed 
above, which is only a summary of current knowledge, 
clearly demonstrates the destructive role of oxidative stress 
and inflammation in the cardiac complications of diabetes. 
Therefore, it is possible that quercetin with its anti-oxidant 
and anti-inflammatory properties can be effective in pre-
venting and improving the cardiac complications of diabetes. 
Studies to date have shown promising results. For example, 
a study of mouse models of type 2 diabetes showed that 
quercetin at low (0.04%) and high (0.08%) doses could lower 
plasma glucose and triglyceride levels, as well as insulin 
resistance index values (HOMA-IR) also decreases after 
treatment with quercetin. The results of this study also 
showed that supplementation with high doses of quercetin 
could reduce total cholesterol levels and increase HDL levels 
(Jeong et  al. 2012). The results of a study on the Japanese 

female population showed that there was an inverse rela-
tionship between dietary quercetin intake, LDL and total 
plasma cholesterol levels (Arai et  al. 2000). In addition, the 
results of a clinical trial have shown that quercetin supple-
mentation significantly reduces plasma OX-LDL levels in 
overweight and metabolic syndrome subjects (Egert et  al., 
2009). In addition to reducing the concentration of OX-LDL, 
quercetin also appears to impair its atherogenic effects. One 
study showed that quercetin could inhibit the induction of 
TLR2 and TLR4 expression by OX-LDL and modulate the 
TLR-NFKB signaling, which reduces the production of cyto-
kines such as IL6 and ultimately attenuates inflammation 
(Bhaskar, Shalini, and Helen 2011).

In fact, quercetin may attenuate the inflammatory process 
stimulated by OX-LDL, which plays a key role in athero-
sclerosis, so further studies are needed. In addition, quer-
cetin appears to attenuate the effect of OX-LDL in enhancing 
the senescence of aortic endothelial cells (Jiang et  al. 2020), 
indicating the beneficial effects of quercetin on vascular 
endothelial cells. Quercetin also appears to have anticoag-
ulant properties. The results of a study showed that quer-
cetin can inhibit the activity of thrombin and FXa and 
attenuate the formation of fibrin and blood clots (Choi, 
Kim, and Kim 2016). Quercetin may also regulate homo-
cysteine metabolism, which is an important risk factor for 
cardiovascular disease. One study showed that quercetin can 
reduce serum homocysteine levels in methionine-enriched 
diet rats (Meng et  al. 2013). It seems that the effect of 
quercetin on reducing homocysteine levels is due to the 
effect of quercetin on enzymes involved in homocysteine 
metabolism and enhancing remethylation and transsulfura-
tion (Meng et  al. 2015). Quercetin also appears to have 
beneficial effects in lowering blood pressure. The results of 
a clinical trial have shown that quercetin can reduce systolic 
blood pressure in overweight patients with metabolic syn-
drome traits (Egert et  al., 2009). The results of a study on 
rat models of diabetes suggest that the effect of quercetin 
on lowering systolic blood pressure is probably age-dependent, 
so that in 6-month-old rats quercetin can lower systolic 
blood pressure, but in 1-year-olds rats are ineffective 
(Ferenczyova et  al., 2020). The results of another study in 
animal models have shown that quercetin may inhibit the 
exaggerated vasoconstriction induced by diabetes and has 
positive effects on lowering blood pressure. The results of 
this study also showed that quercetin could attenuate leu-
kocyte infiltration, endothelial pyknosis, and collagen depo-
sition, and these effects may be associated with decreased 
TNFα levels and the inhibitory effect of quercetin on aortic 
NF-κB (Mahmoud et  al. 2013). The effects of quercetin on 
intestinal bacteria may also be associated with a reduction 
in some risk factors for cardiovascular disease. The results 
of a study in mice on a high-fat diet showed that quercetin 
could increase the population of some intestinal bacteria, 
including Actinobacteria and Cyanobacteria, and lower intes-
tinal levels of cholesterol, lysophosphatidic acids, and 18: 1 
LPC (Nie et  al. 2019). The inverse relationship between 
Actinobacteria, Cyanobacteria, and 18: 1 LPC was noted 
earlier. Quercetin also has effects on reducing the population 
of E. coli and increasing some bacteria with anti-inflammatory 
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properties, and it is necessary to study the relationship 
between these effects and cardiovascular complications of 
diabetes in the future.

It seems that quercetin can retard the progression of 
diabetic cardiomyopathy by amplifying SIRT1 and AMAPK, 
enhancing the expression of catalase and superoxide dis-
mutase in cardiac tissue, and reducing MDA and NFKB 
levels (Li et  al. 2017). In fact, quercetin appears to coun-
teract the destructive role of oxidative stress and inflamma-
tion in diabetic cardiomyopathy. One study on hyperglycemic 
rats also showed that quercetin could improve cardiac dia-
stolic dysfunction. This study showed that quercetin could 
attenuate high-cholesterol-induced oxidative stress through 
various mechanisms, such as inhibiting reduction of GSH/
GSS ratio and enhancing NRF2 nuclear translocation 
(Castillo et  al. 2018). Rutin, a metabolite of quercetin, also 
has positive effects on diabetic cardiomyopathy and appears 
to reverse myocardial hypertrophy, attenuate extracellular 
collagen deposition, reduce oxidative damage, inhibit fibro-
sis, and improve myocardial function (Huang et  al. 2017). 
In general, it seems that quercetin can have beneficial effects 
on reducing the cardiac complications of diabetes, both by 
reducing the risk factors for coronary heart disease and 
retarding diabetic cardiomyopathy, which can be further 
studied.

5.3.  Quercetin and diabetic neuronal complications

Diabetic neuropathy is another important complication of 
diabetes. Diabetic neuropathy is very common. In a study 
of the American patient population, it was reported that 
66% of patients with type 1 of diabetes and 59% of patients 
with type 2 of diabetes have some form of neuropathy (Dyck 
et  al. 1993). Diabetic neuropathies have differences in clin-
ical manifestations and risk factors as well as pathophysi-
ology and can be said to be heterogeneous. Neuropathic 
syndromes can be categorized according to the type of 
nerves they affect, such as sensory, motor, and autonomic, 
the site of neuronal damage, such as focal, multifocal, and 
generalized, and the duration of the disease, such as acute 
or chronic (Yang, Sloan, et  al. 2019). Duration of diabetes 
and hemoglobin A1c levels are the most important predic-
tors of diabetic neuropathy. Diabetic neuropathy can be 
associated with symptoms such as falls and pain and reduces 
the quality of life (Feldman et  al. 2019). The pathogenesis 
of diabetic neuropathy is still unclear and has many 
unknown dimensions. It seems that the hyperglycemia and 
dyslipidemia that occur in diabetes and discussed above can 
weaken the support of neurons by Schwann cells and 
microvessels. Inflammatory signals and oxidative species 
may be involved in demyelination and decreased density of 
myelinated fibers, leading to neuronal damage and decreased 
nerve conduction velocity.

On the other hand, inflammatory signals and oxidative 
stress play a role in micro-vascular damage, which leads to 
reduced blood flow to the nerves (Yang, Sloan, et  al. 2019). 
Future studies will undoubtedly shed light on the wide range 
of mechanisms of the pathogenesis of diabetic neuropathy. 

Changes in the composition of intestinal bacteria have also 
been reported in patients with diabetic neuropathy compared 
to healthy individuals, but the association of these changes 
with the pathogenesis of the disease is not yet clear. an 
increase in Escherichia-Shigella and a decrease in 
Faecalibacterium are among of these changes (Wang, Qiu, 
et  al. 2020). These findings may raise the hypothesis of the 
involvement of inflammation resulting from changes in the 
composition of intestinal bacteria in the pathogenesis of 
peripheral diabetic neuropathy, which needs to be investi-
gated in future studies. Type2 of diabetes appears to increase 
the risk of Alzheimer disease, an important neurodegener-
ative disease (Chatterjee and Mudher 2018). Various mech-
anisms may be associated with this increased risk, one of 
the most important of which is the stimulatory effects of 
insulin resistance on Aβ accumulation and tau protein 
hyperphosphorylation. Insulin may be involved in the secre-
tion of amyloid-beta out of the cell and inhibit the accu-
mulation of amyloid-beta inside the cell. Disrupted insulin 
signaling can impair the processing of amyloid-beta precur-
sor protein peptides (AβPP) and disrupt AβPP-Aβ clearance 
in the brain. Insulin resistance also has destructive effects 
on tau protein. Insulin resistance in the brain is associated 
with increased GSK-3β activity. Increased GSK-3β activity 
may be involved in tau hyper-phosphorylation, which leads 
to misfolding of this protein and fibril aggregation (Kim 
2019). Tau and Aβ toxicities are probably associated with 
oxidative stress, and oxidative stress may play an important 
role in the signaling changes and pathogenesis of Alzheimer 
disease (Giraldo et  al. 2014). The inflammatory process is 
also involved in the pathogenesis of Alzheimer disease, and 
there is a hypothesis that inflammation is a downstream 
effect of the accumulation of Aβ and tau (Zotova et  al. 
2010). It seems that quercetin can be helpful in improving 
the neurological complications of diabetes, and studies have 
been conducted in this field that is very important due to 
the high prevalence of diabetic neuropathy. One study 
showed that the quercetin content of Allium cepa Lam. 
leaves have protective effects against diabetic neuropathy 
(Dureshahwar, Mubashir, and Une 2017). In a study of dia-
betic rats, quercetin treatment at 10 mg/kg for 4 weeks (start-
ing treatment 4 weeks after induction of diabetes by STZ) 
had significant effects in attenuating cold allodynia and 
thermal hyperalgesia (Anjaneyulu and Chopra, 2004).

It seems that quercetin can alleviate high glucose induced 
Schwann cells’ damage, possibly through enhancing autoph-
agy. The results of this study showed that under high glucose 
conditions the proliferation of Schwann rat cells is attenuated 
and the expression of autophagic markers including Beclin-1 
and LC3 is reduced, while quercetin can rescue the prolif-
erative and autophagic activity of these cells (Qu et  al. 2014). 
A study published in 2020 has shown that the combination 
of quercetin with hirudin and cinnamaldehyde can have 
significant effects on enhancing the differentiation and 
myelination of Schwann cells under high glucose condition. 
The results of this study suggest that the protective effects 
of this combination are due to the inhibitory effect on ERK 
signaling (Liu et  al. 2020). Another study showed that this 
combination also had a protective effect on the dorsal root 
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ganglion neurons in high glucose conditions. The results of 
this study showed that this protective effect is due to reduced 
expression of NFKB, TNFα, and IL-6, enhanced expression 
of NRF2 and attenuated apoptosis (Shi et  al. 2017). From 
these results, it can be concluded that weakening inflamma-
tion and strengthening the anti-oxidant system may be an 
effective way to protect neurons in diabetes. Furthermore, 
quercetin appears to attenuate P2X 4 receptor expression, 
which is linked with neuropathic pain and is associated with 
the P38MAPK signaling pathway in the dorsal root ganglia, 
and may have a positive effect on improving diabetic neu-
ropathic pain (Yang, Sloan, et  al. 2019). The positive effects 
of quercetin on diabetic neuropathic pain also appear to be 
associated with the inhibition of the mTOR/p70S6K signaling 
(Wang, Qiu, et  al. 2020). This signaling pathway is probably 
involved in neuropathic pain. In the previous sections, the 
effect of quercetin on AMPK was mentioned. This effect 
also appears to be associated with the attenuation of diabetic 
peripheral neuropathy. A recent study in showed that quer-
cetin administration could improve nerve conduction velocity 
and increase the expression of myelin base protein and 
myelin protein zero. The results of this study also showed 
that quercetin can reduce high glucose-induced oxidative 
stress and attenuate mitochondrial morphologic damages. In 
addition, quercetin increased the expression of SIRT1, NRF1, 
AMPK, and PGC-1α, in hyperglycemic conditions. The 
results of this study suggest that quercetin may be able to 
attenuate peripheral diabetic neuropathy by modifying abnor-
mality of mitochondria by enhancing the AMPK/PGC-1α 
signaling (Zhang et  al. 2021).

The results of a very interesting study on diabetic rat 
models suggest that the positive effects of quercetin on 
peripheral diabetic neuropathy may also be related to the 
effects of quercetin on the composition of intestinal bacteria. 
The results of this study showed that quercetin attenuates 
oxidative stress and myelin and axon damage, possibly 
through reducing the abundance of some pathogenic bacteria 
(f_Porphyromonadaceae, f_Oxalobacteraceae, g_Oxalobacter, 
and g_Klebsiella) that are directly related to peripheral dia-
betic neuropathy and the production of oxidative species and 
increasing the abundance of probiotic bacteria (p_
Actinobacteria and c_Actinobacteria) which are inversely 
correlated with diabetic neuropathy and oxidative species 
levels (Xie et  al. 2020). Given the evidence for the association 
between intestinal bacteria and diabetes, further studies on 
the association between the effects of quercetin on intestinal 
bacteria, AMPK, and peripheral diabetic neuropathy may be 
helpful. Another study on rat models of diabetes showed that 
administration of quercetin for 8 weeks at doses of 20 and 
40 mg/kg could significantly increase nerve conduction veloc-
ity in motor and sensory nerves. The results of this study 
also showed that quercetin reduced MDA and neural nitrite 
levels, inhibited the decrease in neural levels of SOD and 
GSH following diabetes, and reduced TNFα and IL-1B levels 
in the sciatic nerve (Kandhare et  al., 2012). These results 
may also indicate that the anti-oxidant and anti-inflammatory 
properties of quercetin may be a key factor in the neuropro-
tective effects of quercetin in diabetes. Quercetin also appears 
to have beneficial effects on memory function in diabetes. 

The results of a study performed on diabetic rat models 
showed that quercetin has ameliorative effects on memory 
dysfunction (Bhutada et  al. 2010). Another study showed that 
quercetin supplementation in the form of superparamagnetic 
iron oxide nanoparticles (QC-Fe3O4 NPs) had better effects 
on improving memory function in diabetic rats compared to 
free quercetin (Ebrahimpour, Vaghari-Tabari, et  al. 2018). 
Quercetin appears to be able to attenuate Aβ1–42 aggregation 
by enhancing macroautophagy and proteasomal degradation 
(Regitz, Dußling, and Wenzel 2014). The results of one study 
showed that quercetin reduces the toxic effects of Abeta 
(1-42) in hippocampal cultures, possibly by attenuating oxi-
dative stress (Ansari et  al. 2009). The effects of quercetin on 
boosting AMPK activity also appear to be helpful in prevent-
ing Alzheimer disease. The results of one study showed that 
quercetin may attenuate tau hyper-phosphorylation by enhanc-
ing AMPK activation and ER stress suppression (Chen et  al. 
2016). Based on the above findings, it seems that quercetin 
due to its role in metabolic regulation and regulation of 
signaling pathways and anti-inflammatory and anti-oxidant 
properties may be a useful natural product to prevent and 
improve the neurological complications of diabetes.

5.4.  Quercetin and delayed wound healing in diabetes

Another complication of diabetes is impaired wound healing, 
leading to diabetic ulcers, which are common in the foot 
area. It is estimated that diabetic foot ulcers affect about 
15% of diabetic patients and are the leading cause of ampu-
tation in these patients (Brem and Tomic-Canic 2007). The 
molecular mechanism of wound healing is very broad. 
Briefly, after skin injury, the homeostasis phase begins. The 
formation of fibrin clot occurs at this phase (Goodarzi, 
Maniati, and Qujeq 2019). The clot and the wound envi-
ronment secrete pro-inflammatory cytokines and growth 
factors such as TGF-B. When the bleeding stops, the inflam-
matory cells migrate to the wound site and the inflammatory 
phase begins. Neutrophils can clear cellular debris and inva-
sive microbes in the wound area. Macrophages play a very 
important role in wound healing. These cells initially 
enhance the recruitment and activation of leukocytes by 
secreting cytokines. Macrophages also play a role in clearing 
apoptotic cells. Macrophages then undergo a phenotype 
alteration and reparative phenotype is formed. Reparative 
phenotype can stimulate fibroblasts, keratinocytes, and 
angiogenesis leading to enhancement of tissue regeneration 
(Guo and Dipietro 2010). In the proliferation phase, events 
such as angiogenesis, re-epithelialization, collagen synthesis, 
and ECM formation are occurred. Collagen remodeling and 
vascular maturation are among the events of the remodeling 
phase (Guo and Dipietro 2010). In diabetes, different stages 
of the wound healing process may be disrupted. 
Hyperglycemia and oxidative stress appear to affect macro-
phage polarization. Impaired regulation of macrophage 
polarization is one of the main causes of impaired wound 
healing in diabetic patients. Other events such as prolon-
gation of the inflammatory phase and continuous production 
of pro-inflammatory cytokines, impaired angiogenesis, 
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impaired migration and proliferation of fibroblasts and kera-
tinocytes, dysfunction of neutrophils and impaired produc-
tion of growth factors are among the events that may be 
associated with delayed wound healing in diabetes. Hypoxia 
due to narrowing of the vessels and glycation of hemoglobin, 
which impair the supply of oxygen and nutrients to the 
tissues, may also be other reasons for delayed wound healing 
in diabetes (Patel et  al. 2019). However, the exact etiology 
of wound healing impairment in diabetes is still unclear. 
Some studies have shown that quercetin can be helpful in 
healing diabetic wounds. A study of diabetic rats showed 
that topical quercetin ointment could have positive effects 
on wound healing (Ahmad et  al. 2017).

A study of diabetic rat models showed that quercetin 
may potentiate phenotypic changes in macrophages toward 
M2 macrophages, thereby having a beneficial effect on accel-
erating wound healing in diabetes. The results of this study 
showed that quercetin treatment could enhance contraction 
of wound area, reduce pro-inflammatory cytokine levels 
including TNFα and IL-6, increase IL-10 levels which has 
anti-inflammatory properties, increase angiogenesis-related 
factors levels, including VEGF-a, decrease iNOS levels, which 
is M1 macrophages marker; increase Msr-1 and Arg-1 levels, 
which are markers of M2 macrophages; and enhance colla-
gen deposition and fibroblast activity (Fu et  al. 2020). 
Another study using topical quercetin ointment reported a 
similar one. This study showed that quercetin could reduce 
TNFα and IL-1B levels and boost VEGF and TGF-β1 and 
IL-10 expression in diabetic wound tissue (Kant et  al. 2021). 
Therefore, these results suggest that the positive effect of 
quercetin on accelerating wound healing in diabetes is prob-
ably due to the anti-inflammatory properties of quercetin 
and enhanced polarization of macrophages toward the M2 
phenotype. Further studies on the effect of quercetin topical 
ointments on wound healing in diabetic patients seem to 
be very useful. Some studies have also shown that the com-
bination of quercetin and laser therapy may have beneficial 
effects on wound healing in diabetes. One study in diabetic 
rats showed that quercetin treatment with oral gavage and 
low-level laser therapy could increase collagen fibers in 
injured skin, reduce TNF-α and IL-1β levels, attenuate oxi-
dative stress, and increase glutathione and IL-10 levels 
(Ahmed et  al. 2018). Therefore, it seems that combining 
quercetin with other therapeutic approaches can be a good 
way to accelerate wound healing in diabetes. Some studies 
in recent years have also suggested the use of nanoparticles 
to improve the penetration of quercetin into the wound 
(Choudhary et  al. 2020). Undoubtedly, with the expansion 
of studies in all the above fields, from identifying the mech-
anism of action to appropriate delivery methods, we can 
hope for the clinical application of quercetin to accelerate 
wound healing in diabetes in the future.

5.5.  Quercetin and diabetic retinopathy

Among diabetic complications diabetic retinopathy as an 
asymptomatic disorder has triggered one-third of diabetic 
society and is the underlying cause of blindness which 
reduces the patient’s standard of living (Antonetti, Silva, 

and Stitt 2021). Diabetic retinopathy has irreversible retinal 
damages because initial symptoms manifest in advanced 
stages. As a neurovascular complication, it has both vascular 
and neuronal abnormalities which leads to the onset of 
clinical characteristics including microaneurysms, hemor-
rhages, hard exudates, capillary loss, retinal vascular leakage, 
diabetic macular edema (DME), and neovascularization 
(Lee, Wong, and Sabanayagam 2015; Rodríguez et  al. 2019). 
There are two classes of diabetic retinopathy; non-proliferative 
DR (NPDR) and proliferative DR (PDR) (Abu et  al. 2016). 
Further detail is beyond the main purpose of this article. 
Normal amount of ROS are responsible for regulating phys-
iological processes, including cell metabolism, proliferation, 
immune system, and vascular remodeling. However, ROS 
accumulation as the most important cause of diabetic ret-
inopathy is associated with oxidative stress, inflammation, 
and angiogenesis (Ola, Al-Dosari, and Alhomida 2018). 
High glucose concentration in diabetic patients can develop 
retinal complication in two major ways; first, when glucose 
is high, ROS generation enhances significantly which leads 
to the activation of different pathways and subsequently 
diabetic retinopathy (Hammes 2018; Kang and Yang 2020). 
Secondly, during hyper-glycaemia, glucose interacts with 
macromolecules and creates AGEs which has the capacity 
to bind to different cell types and cause vessels elasticity 
disregulation, ECM abnormalities, and inflammatory sig-
naling pathways activation, resulting in diabetic retinopathy 
progression (Zong, Ward, and Stitt 2011; Sahajpal et  al. 
2019). Oxidative stress, inflammation, apoptosis, and auto-
phagy are the main victims in diabetic retinopathy 
(Dehdashtian et  al. 2018). In addition to reactive oxygen 
species (ROS) increase in diabetes which occurs as a result 
of disruptions in glucose homeostasis and NADPH oxidase 
(Nox) 2 and Nox 4 overexpression, anti-oxidant enzymes 
appear to be reduced in these cases (Dehdashtian et  al. 
2018). Furthermore, ROS accumulation leads to elevating 
the demand for more energy and autophagy creates the 
opportunity to degrade different elements in purpose of 
maintaining homeostasis (Rosa et  al. 2016). In this regard, 
it is not surprising that autophagy markers experience a 
significant rise in diabetic retinopathy (Lopes de Faria 
et  al. 2016).

The elevation of both apoptotic mediators, including 
cytochrome c, caspase-3, p53, and Bax, as well as inflam-
matory mediators, including IL-1β, IL-18, TNF-α, ICAM1 
(intercellular adhesion molecule 1), VCAM1 (vascular cell 
adhesion molecule), NF-kB, and PTEN are accompanied by 
diabetic retinopathy progression (Khalfaoui, Lizard, and 
Ouertani-Meddeb 2008; Choudhuri et  al. 2015; Lin et  al. 
2016; Tien et  al. 2017; Rübsam, Parikh, and Fort 2018; Yao, 
Du, et  al. 2019; ValdezGuerrero et  al. 2021). In addition, 
there are different inflammasomes subtypes which are able 
to recognize stress and danger signals; Nucleotide binding 
oligomerization domain-like receptors 3 (NLRP3) is one of 
them and has three domains including central, C terminal, 
and N terminal domains which are vital for NLRP3 innate 
immunity activity. In NLRP3 inflammasome, the 
adaptor-apoptosis-associated speck-like protein containing a 
caspase recruitment domain (ASC) can recruit caspase-1 
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which is associated with IL-1β and IL-18 activation (Kelley 
et  al. 2019). This complex has been identified in retinal 
cells and its overexpression is observed in diabetic retinop-
athy cases (Chaurasia et  al. 2018; Raman and Matsubara 
2020). Mechanistically, when the concentration of glucose 
is high, ROS production rises leading to the indirect acti-
vation of NLRP3 inflammasome. Overall, huge number of 
studies has proved that since prolonged activation of this 
inflammasome and its downstream effectors result in dia-
betic retinopathy, triggering this complex can be a selective 
approach to alleviate diabetic retinopathy (Lu et  al. 2018; 
Li, Xu, et  al. 2019; Raman and Matsubara 2020; Wang, Qiu, 
et  al. 2020). High mobility group box 1 (HMGB1) takes 
part in inflammatory responses and during stresses like high 
glucose concentration it can interact with toll-like receptor 
4 (TLR4) in order to phosphorylate and activate the NFkB 
pathway and subsequently produce inflammatory cytokines 
(Steinle 2020). In addition, HMGB1/TLR4/NF-κB can also 
stimulate NLRP3 inflammasome and the production of 
caspase-1, IL-1β, and IL-18 (Chai et  al. 2021). Since different 
studies have been investigated the overexpression of HMGB1, 
NF-κB, and NLRP3 inflammasome in diabetic retinopathy, 
researchers have been looking forward to find therapeutic 
strategies for this disorder based on targeting these factors 
(Chai et  al. 2020; Liang et  al. 2020; Nebbioso et  al. 2020; 
Shen et  al. 2020). Moreover, heme oxygenase-1 (HO-1) has 
anti-oxidant, anti-inflammatory, and anti-apoptotic proper-
ties which can be found in retinal cells (Fan et  al. 2012). 
Generally, this enzyme plays an underlying role in returning 
the normal homeostasis after stresses. On the other side, 
diabetic retinopathy was considered as a microvascular com-
plication, while nowadays it has been introduced as a neu-
rovascular complication (Gangaputra et  al. 2013). 
Neurotrophic factors like retinal brain derived neurotrophic 
factor (BDNF) and nerve growth factor (NGF) play pivotal 
role in neuronal cell survival (Park et  al. 2008). By consid-
ering the fact that retinal neurovascular unit has an import-
ant role in the homeostasis maintenance like vascular density 
and permeability, any dysregulation in this unit can cause 
retinopathy in diabetic cases. One of the most important 
factors in this unit is vascular endothelial growth factor 
(VEGF) which is essential for the generation of new blood 
vessels. Retinal hypoxia potentiates VEGF up-regulation, 
angiogenesis, and diabetic retinopathy progression (Ji et  al. 
2021). Blood retinal barrier (BRB) breakdown leads to 
plasma leakage to retina which is overall associated with 
swelling and hypoxia. Matrix metalloproteinases (MMPs) as 
endopeptidases are involved in ECM degradation. Therefore, 
MMPs imbalance not only negatively affects vascular per-
meability and BRB junction complex but also takes part in 
neovascularization (Drankowska et  al. 2019). Tight junctions 
are also responsible for preserving membrane polarization, 
cell morphology, and growth. BRB disruption is related to 
tight junction proteins dysregulation which eventually results 
in retinal vasculopathy and diabetic retinopathy (Rudraraju, 
Narayanan, and Somanath 2020). The hypothesis of the role 
of inflammation due to altered intestinal bacterial compo-
sition in the pathogenesis of diabetic retinopathy has also 

been proposed (Jiao et  al. 2021). Some studies have also 
reported a decrease in some bacteria with anti-inflammatory 
properties such as Faecalibacterium and Bifidobacterium 
and an increase in pathogenic bacteria such as E. coli and 
Enterobacter in patients with diabetic retinopathy (Das et  al. 
2021). However, reported changes in the composition of 
intestinal bacteria, including decreased Escherichia-Shigella 
and increased Akkermansia in patients with diabetic reti-
nopathy compared with healthy individuals (Das et  al. 2021; 
Huang et  al. 2021), justify the need for further studies to 
draw accurate conclusions.

A huge number of studies have been introduced natural 
agents as the effective therapeutic strategies for alleviating 
pathological processes in diabetic retinopathy (Jeenger et  al. 
2015; Nabavi et  al. 2016; Bungau et  al. 2019; Ahmad and 
Hoda 2020; Matos et  al. 2020). One of these agents is quer-
cetin which plays its anti-diabetic retinopathy’s functions 
through the regulation of different mechanisms (Bungau 
et  al. 2019). In the following we will shed more light on 
the protective effect of quercetin on diabetic retinopathy. 
The amount of inflammatory cytokines like TNF-α and 
IL-1β rises in diabetic retinopathy which is accompanied 
by NF-kB and caspase-3 activation and pathological conse-
quences. Given the destructive role of these inflammatory 
elements, a study observed that six months quercetin therapy 
in diabetic rat models can prohibit the release of cytokines 
and the activation of NF-kB and caspase-3 dose dependently, 
resulting in microglia apoptosis inhibition. Moreover, quer-
cetin has the capacity to reduce retinal edema and induce 
anti-oxidant enzymes, leading to retinal damage protection 
(Kumar et  al. 2014). The protective effects of miR-29b in 
diabetic retinal cells have been reported widely. For example, 
Triptolide and resveratrol have the capacity to prevent dia-
betic retinopathy through up regulation of miR-29b (Zeng 
et  al. 2017; Han et  al. 2020). In line with these demonstra-
tions, a study examined the association between quercetin 
and miR-29b in adult retinal pigment epithelial cell line-19 
(ARPE-19) cells during high glucose stress. During such 
stress condition, p-AKT and miR-29b expression reduce 
while PTEN, p-p65 and IκBα expression level enhance which 
over all leads to PTEN/AKT and NF-κB activation and cell 
apoptosis. Encouraging results showed that the application 
of 30 μM quercetin exerts anti-apoptotic effects and improves 
cell viability due to its negative effects on the expression 
level of p53, Bax, and caspase-3 as well as positive effects 
on CyclinD1, CDK4, and Bcl-2. Moreover, quercetin 
up-regulates miR-29b expression in order to activate the 
AKT pathway and suppress the NF-κB pathway, conducting 
to cell survival. Collectively, quercetin plays its protective 
role against retinal cell death and diabetic retinopathy pro-
gression in miR-29b dependent manner (Wang, Qiu, et  al. 
2020). The release of Cytochrome c causes caspase-3 acti-
vation and DNA fragmentation. BDNF can interact with 
tropomyosin-related kinase B (TrkB) receptor and then acti-
vate the Akt signaling which leads to cell survival and stop 
apoptosis. Mohammad S. Ola et  al observed that quercetin 
application in diabetic rats with retinal complication can 
enhance the BDNF–TrkB/Akt-synaptophysin signaling 
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pathway and also prevent apoptosis through the activation 
of Bcl-2 and the suppression of cytochrome c and caspase-3 
activation (Ola et  al. 2017). Another study also confirmed 
the neuroprotective effect of quercetin in a zebra fish model 
which suffers diabetic retinopathy (Wang, Qiu, et  al. 2020). 
Encouraging evidence shows that inflammatory elements, 
including NLRP3 inflammasome, LC3, and Beclin-1, auto-
phagy, angiogenesis, and migration give a rise in human 
retinal microvascular endothelial cells (HRMECs) during 
high glucose concentration while quercetin can reverse these 
pathophysiologic characteristics through affecting them neg-
atively (Li, Mao, et  al. 2021). Experimental analysis showed 
that the expression level of HO-1 and HMGB1 decreases 
and increases in diabetic retinopathy patients respectively 
(Nebbioso et  al. 2020; Wu, Zhu, and Zhou 2020). An inter-
esting study evaluated the effect of quercetin on these factors 
and found that this polyphenol can reduce HMGB1/TLR4/
NF-κB/NLRP3 inflammasome/IL-1β/IL-18 axis and angio-
genesis factors like VEGF and sICAM-1 while it increases 
the expression of neurotrophic factors, BDNF and NGF, and 
also HO-1. This study also revealed that quercetin exerts 
these functions in HO-1 dependent manner because HO-1 
inhibition reversed the effects of quercetin on diabetic ret-
inopathy rat models (Chai et  al. 2021). Studies focused on 
the interconnection between quercetin and the angiogenesis 
in diabetic retinopathy (Sulaiman, Basavarajappa, and 
Corson 2014).

Experimental evidence on human microvascular endo-
thelial cells showed that quercetin, especially its derivate 
(8MQPM), appears to suppress angiogenesis and tube for-
mation through VEGFR‐2 downregulation and its down-
stream signaling pathways like ERK1/2, Akt and JNK 
activation/phosphorylation (Lupo et  al. 2019). Relatively, 
some studies are investigated the cross talk between MMPs 
especially MMP-9 and VEGF in diabetic retinopathy (Ishizaki 
et  al. 2006; Abu et  al. 2016); because basement membrane 
degradation is essential in the formation of new vessels and 
diabetic retinopathy progression. In this regard, a study 
observed one of the diabetic retinopathy protective mech-
anisms of action of quercetin is that this natural component 
has the capacity to reduce MMP-9 and VEGF and also their 
negative functions in retina in diabetic rats (Chen et  al. 
2017). Another study compared the function of VEGF and 
quercetin treatment in Retinal Photoreceptor Cells and 
found that when cells were treated by VEGF, the expression 
of ICAM1, VCAM1, MMP2 and MMP9 as well as NF-kB/
p65 subunit nuclear translocation and MAPKs activation 
increases while the expression of IKKα and β-catenin and 
Zona occludins-1 decreases. Quercetin has the capacity to 
reverse the VEGF inflammatory functions through the inhi-
bition of the NF-kB, MAPK and Akt pathways (Lee et  al. 
2017). Quercetin also is one of the main components of 
Xueshuantong Capsule which exerts positive effects on dia-
betic retinopathy treatment via alleviating neovascularization 
and macular edema (Xing et  al. 2019; Li, Li, and Zheng 
2020; Yao et  al. 2021). An in-vitro study declared that quer-
cetin appears to protect tight junction proteins via 
up-regulation of autophagy. For example, it stops the 

translocation of ZO-1 from cytomembrane to cytoplasm; 
Quercetin does this function in autophagy dependent man-
ner, because autophagy inhibition reverses tight junction 
proteins protective effect of this natural agent (Li, Mao, 
et  al. 2021). Overall, it has been declared that quercetin 
protects against diabetic retinopathy development through 
its anti-inflammatory, anti-apoptosis, anti-angiogenesis path-
ways. Therefore, this fact has been obtained from studies 
that quercetin is effective in retinal cells integrity and it 
can be a proper candidate for retinal diseases treatment like 
diabetic retinopathy (Fernandez-Gonzalez, Mas-Sanchez, and 
Garriga 2021). However, further studies are required to 
evaluate the effectiveness of this phytochemical in human 
diabetic retinopathy cases. One of the interesting topics of 
future studies can be the study of the effects of quercetin 
on the composition of intestinal bacteria in patients with 
diabetic retinopathy and the relationship between these 
effects and the benefits of quercetin in relieving diabetic 
retinopathy.

6.  Clinical evidences regarding usefulness of 
quercetin in diabetes

What has been mentioned above is often the result of studies 
on animal models that clearly show that quercetin is a nat-
ural product with anti-diabetic effects that is also useful in 
preventing and reducing the complications of diabetes. Some 
clinical studies have also confirmed the effects of quercetin, 
which has raised hopes for the clinical use of quercetin 
in the treatment of diabetes. However, some other clinical 
studies have not reported significant effects in this regard. 
In a clinical trial performed on patients with type 2 of 
diabetes, quercetin supplementation at a dose of 250 mg/day 
was performed for 8 days. The results of this study showed 
that quercetin has no significant effect on lowering blood 
sugar and weakening insulin resistance. However, the results 
of this study showed that quercetin supplementation signifi-
cantly improves total antioxidant capacity and significantly 
reduces ox-LDL levels (Mazloom et  al. 2014). However, 
some studies on PCOS patients have shown that quercetin 
supplementation at a dose of 1000 mg/day for 12 weeks could 
significantly reduce fasting plasma glucose levels and insulin 
resistance index (HOMA-IR) (Rezvan et  al. 2016; Khorshidi 
et  al. 2018). In a clinical trial performed on women with 
type2 of diabetes, it was shown that quercetin supplementa-
tion at a dose of 500 mg/day for 10 weeks had a significant 
effect on reducing TNFα and IL-6 levels (Zahedi et  al. 2013). 
Given the destructive role of TNFα in insulin resistance dis-
cussed in the previous sections, it is necessary to investigate 
the relationship between the effect of quercetin on reducing 
TNFα levels and HOMA-IR. The results of a clinical trial 
performed on overweight to obese patients with pre- and 
stage 1 hypertension showed that quercetin supplementa-
tion at 162 mg/day for 6 weeks had no significant effect 
on reducing fasting plasma glucose levels and HOMA-IR 
(Brüll et  al., 2017). The results of the subgroup analysis of 
a meta-analysis performed on randomized controlled trials 
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suggest that quercetin supplementation at doses of ≥500 mg/
day for 8 weeks or more may be useful in reducing fasting 
plasma glucose levels in patients with metabolic syndrome. 
In addition, this meta-analysis concluded that insulin levels 
were reduced in studies that performed quercetin supple-
mentation at doses of ≥500 mg/day and included patients 
less than 45 years of age (Ostadmohammadi et  al. 2019). 
Therefore, it seems that more clinical studies should be 
performed on the effect of quercetin supplementation on 
fasting glucose levels and insulin resistance. Although very 
limited clinical studies have been performed on the effect of 
quercetin on the renal complications of diabetes, quercetin 
seems to have positive effects in this regard.

A clinical trial performed on patients with diabetic 
kidney disease showed that quercetin supplementation at 
1000 mg/day plus dasatinib at 100 mg/day for three days 
had significant effects on reducing pro-inflammatory cyto-
kine levels, including IL6 and IL −1. In addition, the 
results of this study showed that fibroblast growth factor 
(FGF) −2 and GM-CSF also tend to decrease following 
quercetin supplementation plus dasatinib (Hickson et  al., 
2019). In the previous sections, we briefly mentioned the 
destructive role of these cytokines and growth factors in 
the pathogenesis of diabetic nephropathy. Another clinical 
trial in pre-hyperuricaemic males showed that quercetin 
supplementation at 500 mg/day for 4 weeks could signifi-
cantly reduce serum uric acid levels but had no significant 
effect on fasting plasma glucose levels, blood pressure and 
urinary excretion of uric acid (Shi and Williamson 2016). 
Some clinical investigations have also shown that quercetin 
has beneficial effects in reducing some of the risk factors 
for cardiovascular disease. Some clinical trial studies have 
shown that quercetin supplementation at doses of 150 mg/
day for 6 weeks in patients with metabolic syndrome and 
250 mg/day for 8 weeks in patients with type 2 diabetes has 
a significant effect on lowering ox-LDL (Egert et  al., 2009; 
Mazloom et  al. 2014). However, there are different results 
regarding the effect of quercetin on lipid profile. The results 
of a meta-analysis of clinical studies showed that quercetin 
had no significant effect on lipid profile (Huang et  al. 2020), 
while the results of another meta-analysis of clinical trials 
conducted exclusively on patients with metabolic syndrome 
and related disorders showed that quercetin supplementation 
had a positive effect in lowering total cholesterol, LDL-C and 
CRP levels (Tabrizi et  al., 2020). Different results have been 
reported regarding the effect of quercetin on blood pressure, 
as well. While some clinical trial studies have shown that 
quercetin supplementation has a positive effect on lowering 
systolic blood pressure (Egert et  al., 2009; Zahedi et  al. 
2013), other studies have shown that quercetin supplemen-
tation does not have a significant effect on lowering systolic 
blood pressure (Dower et  al. 2015; Bondonno et  al. 2016). 
It should be noted that the first batch of the above stud-
ies have been performed on patients with type 2 diabetes 
or individuals with metabolic syndrome traits. Therefore, 
it is possible that quercetin is more effective in lowering 
blood pressure, LDL-C, and total cholesterol in diabetic 
patients or patients with metabolic syndrome. More clinical 
trials should be performed on diabetic patients and healthy 

individuals to investigate this possibility. In addition, clinical 
trials in diabetic patients to evaluate the effect of quercetin 
on other risk factors of cardiovascular disease, including 
homocysteine levels, may be helpful. Regarding the positive 
effects of quercetin in diabetic neuropathy, a clinical trial 
study on patients with diabetic neuropathy has shown that 
QR-333, a topical quercetin-containing compound, has posi-
tive effects in reducing jolting pain, numbness, and irritation 
and improving quality of life (Valensi et  al. 2005).

The positive effects of quercetin on wound healing in 
diabetes mentioned in the previous section have also been 
shown in clinical studies. In a clinical study on diabetic 
patients with lower limb skin wound, it was shown that 
topical application of nanohydrogels containing quercetin 
and oleic acid can significantly reduce wound healing time 
(Gallelli et  al. 2020). Although limited clinical studies have 
been performed to evaluate the effect of quercetin on the 
complications of diabetes, the results of these limited studies 
reviewed above indicate that quercetin may be useful in 
ameliorating the complications of diabetes and can confirm 
the promising results of animal models and in-vitro studies 
reviewed in the previous sections. Further clinical studies 
in the future will undoubtedly reveal more dimensions of 
the beneficial effects of quercetin in diabetes.

7.  Conclusion and future direction

Oxidative stress and inflammation play an important role 
in insulin resistance, pathogenesis of type 2 of diabetes and 
pathogenesis of diabetes complications including nephrop-
athy, cardiovascular complications, neuropathy, delayed 
wound healing, and retinopathy. Quercetin, a powerful 
anti-inflammatory and anti-oxidant compound, may play an 
important role in improving insulin sensitivity and lowering 
blood sugar. Quercetin can improve kidney function in ani-
mal models of diabetes, reduce the risk factors of cardio-
vascular disease including ox-LDL and hypertension, improve 
memory function in diabetes, alleviate hyperglycemia-induced 
Schwann damage, and improve diabetic neuropathy. 
Quercetin may accelerate wound healing in diabetes by 
potentiating macrophage polarization toward M2 macro-
phages, weakening inflammation, and enhancing TGF-B and 
VEGF expression. Quercetin exerts its protective role against 
diabetic retinopathy through the down-regulation of inflam-
mation, apoptosis, and angiogenesis as well as inducing 
neurotrophic factors. Limited clinical studies have examined 
the effect of quercetin on diabetes and its complications. 
Some of these studies have reported conflicting results that 
may be due to differences in population and dose used. 
However, the results of some clinical trials have shown that 
quercetin has positive effects in lowering ox-LDL, systolic 
blood pressure, improving diabetic neuropathy, diabetic ret-
inopathy, and accelerating wound healing in diabetes. Many 
of the positive results of quercetin in animal model studies 
have not yet been clinically evaluated. For example, the 
effect of quercetin supplementation on kidney function and 
kidney tissue in diabetic patients has not yet been exten-
sively studied clinically.
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Topical quercetin ointments that have been shown to be 
effective in treating diabetic peripheral neuropathy and 
accelerating wound healing in diabetes need further and 
more extensive clinical studies. In addition to clinical stud-
ies, more animal model studies are needed because the 
effects of quercetin on many of the different mechanisms 
and signaling pathways involved in the pathogenesis of dia-
betes and its complications are still unclear.
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