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Abstract. Diabetic retinopathy (DR) is a type of retinal microan‑
giopathy caused by diabetes mellitus. It has become the leading 
cause of blindness among working individuals worldwide. DR 
is becoming increasingly common among younger diabetic 
patients and there is a need for lifelong treatment. The patho‑
genic mechanisms of DR are influenced by a number of factors, 
such as hyperglycemia, hyperlipidemia, inflammatory response 
and oxidative stress, among others. Currently, the treatment 

methods for DR mainly include retinal photocoagulation, 
vitrectomy, or anti‑vascular endothelial growth factor (VEGF) 
therapy. However, these methods have some disadvantages and 
limitations. Therefore, it is a matter of great interest and urgency 
to discover drugs that can target the pathogenesis of DR. Since 
ancient times, traditional Chinese medicine practitioners have 
accumulated extensive experiences in the use of Chinese 
herbal medicine for the prevention and treatment of diseases. 
In the theory of traditional Chinese medicine, curcumin has 
the effects of promoting blood circulation and relieving pain. 
A number of studies have also demonstrated that curcumin has 
multiple biological activities, including exerting anti‑apoptotic, 
anti‑inflammatory, antioxidant and antitumor properties. In 
recent years, studies have also confirmed that curcumin can 
prevent a variety of diabetic complications, including diabetic 
nephropathy (DN). However, the preventive and curative effects 
of curcumin on DR and its mechanisms of action have not yet 
been fully elucidated. The present review aimed to explore the 
therapeutic potential of curcumin in diabetes mellitus and DR.

Contents

1.	 Introduction
2.	C omposition, structure and functions of curcumin
3.	� Bioavailability of curcumin and methods with which it can 

be improved
4.	 Therapeutic effect of curcumin on diabetes
5.	 Protective effects of curcumin on DR
6.	C onclusions

1. Introduction

Diabetes mellitus, a disease affecting individuals worldwide 
with a complex course and a number of complications, has 
garnered increasing attention. The International Diabetes 
Federation predicts that the number of adults aged 20‑79 years 
with diabetes mellitus globally will increase to 700 million 
by 2045, and 3 out of 4 individuals will be of working age (1). 
The incidence of this disease is influenced by a number of 
factors, such as body mass index, body fat distribution, meta‑
bolic syndrome and sex differences (2‑4). Even sleep deprivation 
and work‑related stress can influence its incidence (5,6). The 
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complications of diabetes mellitus can be classified into macro‑
vascular complications [for example, cardiovascular disease 
(CVD)] and microvascular complications (for example, compli‑
cations affecting the retina, kidneys and the nervous systems). 
Diabetic retinopathy (DR) is closely related to hyperglycemia 
caused by diabetes mellitus. Traditionally, DR was considered 
to be a microvascular disease; however, new research has found 
that retinal neurodegeneration is also closely related to its 
occurrence (7). Thus, the pathogenic mechanisms underlying 
DR are very complex.

Curcumin represents the major constituent of turmeric. 
In addition to being widely recognized as a spice, curcumin 
also has a variety of therapeutic effects. For example, as an 
anticancer agent, it can prevent ovarian, prostate, breast and 
gastric cancers (8‑11). Moreover, curcumin exerts anti‑inflam‑
matory effects, and it can be used in the treatment of chronic 
obstructive pulmonary disease (COPD), hepatic inflammation 
and even acute vascular inflammation (12‑14). As a natural 
antioxidant, the reno‑protective effects of curcumin have 
been demonstrated (15). In diabetic rats and Müller cells, the 
increase in histone acetylation plays an important role in the 
regulation of the inflammatory response. Curcumin can exert 
protective effects on diabetes by inhibiting histone acetyla‑
tion (16‑18). The preventive and curative effects of curcumin 
on DR and its mechanisms of action have, however, not been 
thoroughly defined. The present review article aimed to inves‑
tigate the therapeutic effects of curcumin on diabetes mellitus 
and DR, and to demonstrate the possible mechanisms through 
which it exerts these effects.

2. Composition, structure and functions of curcumin

Curcuma is a perennial herbaceous plant with developed 
rhizomes that belongs to the order Zingiberaceae. It is mainly 
grown in India and China. It was first known for its role as 
a food additive or spice in cooking (e.g., curry). Curcumin, 
the main component of Curcuma (Fig. 1) (19), has important 
health benefits. In the theory of traditional Chinese medicine, 
curcumin relieves pain. It can be used in the treatment of 
abdominal distention, arm pain, fall injury, amenorrhea and 
other diseases. In modern medical research, the phenolic 
substances extracted from the rhizome of Curcuma longa 
(Fig.  2) exert a wide range of protective effects against 
diabetes‑related metabolic disorders and play an important 
role in reducing blood lipid levels. They also have antioxidant, 
anti‑inflammatory and antitumor properties (20,21). Other 
advantages of curcumin include its affordability, safety and 
ease of extraction. Currently, a number of methods have been 
adopted to enhance the bioavailability of curcumin, such as 
combining it with appropriate pharmaceutical excipients, 
synthesizing curcumin analogs, or changing dosage forms. As 
a drug, curcumin has good therapeutic prospects.

3. Bioavailability of curcumin and methods with which it 
can be improved

The low bioavailability of curcumin may be related to the low 
solubility of curcumin, the poor permeability of the gastroin‑
testinal mucosa and the rapid clearance of curcumin in vivo. 
Although curcumin exerts therapeutic effects against diabetes 

and related diseases, data from clinical trials have demonstrated 
that even when a large dose (12,000 mg/day) of curcumin 
is used in the treatment of the human body, the curcumin 
content in the serum remains low (22). Further research has 
also indicated that the use of dendritic nanoparticles can 
enhance the solubility of curcumin in vivo (23) and improve 
the bioavailability of curcumin. In an in vitro study, scholars 
have found that solid lipid nanoparticles loaded with curcumin 
can prolong the release time of curcumin in vitro to 12 h with 
good stability (24). Furthermore, in an in vivo experiment in 
rats with asthma, the use of curcumin lipid nanocarriers has 
also been found to increase the concentration of curcumin 
in plasma suspension and tissue (25). In addition, it has been 
found that the administration of piperine within 1 h following 
the curcumin administration can significantly increase the 
serum concentration of curcumin in rats and humans, enhance 
its bioavailability, and exerts no side‑effects (26). As a thera‑
peutic drug, curcumin has other structural analogs that can 
enhance its therapeutic effect. Compared with curcumin, its 
structural analog EF24 has significant activity in the treatment 
of leukemia (27). The above‑mentioned methods can enhance 
the bioavailability of curcumin to enhance its therapeutic 
effect.

4. Therapeutic effect of curcumin on diabetes

Diabetes represents a group of metabolic diseases. Over the 
past decades, its incidence has increased exponentially (28), 
and as a chronic disease that can cause damage to a variety of 
organs, the prevention and treatment of diabetes have garnered 
increasing attention. Studies have indicated that curcumin can 
protect diabetic patients or cultured cells in vitro (29). In terms 
of prevention, it has been found that curcumin can significantly 
reduce the number of patients who eventually progress to 
type 2 diabetes after 9 months of curcumin intervention at the 
pre‑diabetic stage. In addition, curcumin treatment has been 
shown to improve the overall function of β cells (30). Al‑Saud 
found that curcumin treatment exerted hypoglycemic effects 
in rats with diabetes induced by a high‑fat diet combined 
with a streptozotocin (STZ) injection; furthermore, curcumin 
reduced insulin resistance in tissues and improved the diabetic 
status (31).

Similarly, some scholars have found that curcumin can 
significantly reduce fasting blood glucose in diabetic rats. 
In rats treated with curcumin, pancreatic tissue damage has 
been shown to be mild, and the expression levels of interleukin 
(IL)‑1, IL‑6, monocyte chemoattractant protein‑1 (MCP‑1), 
tumor necrosis factor (TNF)‑α, Bax and caspase‑3 have been 
found to be significantly reduced. These results indicate that 
curcumin can curb pancreatic islet cell apoptosis and inflam‑
mation, all the while promoting the recovery of pancreatic 
function (32,33).

Curcumin also plays an important protective role in 
cells under high‑glucose conditions in in  vitro experi‑
ments (34,35). In a study that exposed insulin (INS)‑1 cells 
to high glucose with or without curcumin, the proliferation 
of INS‑1 cells, the morphological changes of islet cells, the 
production of reactive oxygen species (ROS) as well as the 
activities of superoxide dismutase and catalase, insulin levels, 
the expression of nicotinamide adenine dinucleotide phosphate 
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(NADPH) oxidase subunits, and the expression of apoptotic 
factors were observed (34). The results of that study revealed 
that curcumin effectively inhibited the proliferation‑induced 
damage and oxidative stress caused by high glucose in INS‑1 
cells, increased the insulin level, and reduced the expression of 
NADPH oxidase subunits and apoptotic factors. These results 
also suggested that curcumin alleviated high‑glucose/palmi‑
tate‑induced oxidative stress in islet cells by regulating the 
NADPH pathway and protected islet cells from apoptosis (34). 
Xia  et  al found that following curcumin administration, 
the activity of rat insulinoma RIN‑m5F β‑cells increased, 
the apoptotic rate of the cells decreased and the cells were 
protected (35). These results indicate that curcumin protects 
islet cells from the damaging effects of high glucose through 
anti‑inflammatory and anti‑apoptotic pathways, and it can 
play a certain therapeutic role in diabetes by directly reducing 
blood glucose levels.

5. Protective effects of curcumin on DR

Antioxidant effects of curcumin. Oxidative stress plays a key 
role in diabetic microvascular complications. Under abnormal 
metabolic conditions created by diabetes, superoxide produc‑
tion in microvascular endothelial cells and the mitochondria 
is increased. Since glutathione (GSH) is one of the important 
scavengers of ROS, a reduced expression of NADPH, which 
is required to generate GSH, is consumed excessively under 
a high glucose state, eventually leading to an increased ROS 
generation. Increased intracellular ROS levels, aggravated 
by oxidative stress and accompanied by an increased local 
inflammatory response, ultimately lead to the apoptosis of 
endothelial cells and pericytes (36,37). Under this premise, 
the barrier function of the tight junctions of retinal capillary 
epithelial cells is disrupted, leading to the leakage of intra‑
retinal fluid. Kowluru and Kanwar demonstrated that in the 

diabetic rat retina, the level of oxidation‑modified DNA in 
the cells continued to increase (38). Moreover, compared to 
that in the age‑matched normal control group, the antioxidant 
capacity of the retina of diabetic rats decreased by approxi‑
mately 30‑35%. Curcumin may not only reduce the level of 
oxidative stress, but may also inhibit the increase in the retinal 
nitrotyrosine level, effectively reducing retinal damage caused 
by the accumulation of nitrotyrosine in the retina (38). A sche‑
matic diagram of the effects of curcumin on oxidative stress 
effects is depicted in Fig. 3. Some scholars have indicated that 
the combination of curcumin and oral anti‑diabetic drugs or 
other natural antioxidants exerts a more beneficial effect on 
the treatment of diabetes and its complications compared with 
the use of a single drug (39,40). As a regulator of antioxidant 
reduction, nuclear factor E2‑related factor 2 (Nrf2) plays 
an important anti‑DR role in the diabetic state. Curcumin 
can increase the Nrf2 level, thus promoting its anti‑fibrotic 
effect  (41). In Müller cells of rats with STZ‑induced DR, 
curcumin has been shown to reduce the level of malondialde‑
hyde (MDA) in the retina and increase the level of glutathione 
(GSH), thereby inhibiting oxidative stress in diabetic retina 
and protecting Müller cells (42). ROS are normal products 
of cell metabolism which can be leveraged as regulators of 
cell signal transduction. However, high levels of ROS may 
exert cytotoxic and mutagenic effects on cells, resulting in the 
destruction of lipids, proteins, DNA and carbohydrates, and 
finally leading to cell apoptosis (43). In DR, oxidative stress 
increases with the progression of the disease. Curcumin can 
mitigate oxidative stress by scavenging various forms of free 
radicals, including ROS and reactive nitrogen species. In a 
previous study, curcumin restored the expression and function 
of DNA methyltransferase (DNMT) and inhibited oxidative 
stress and ROS in cultured ARPE‑19 cells (44). In addition, it 
can inhibit protein kinase C (PKC) and other enzymes, such as 
lipoxygenase (LOX) and xanthine oxidase (XOD), which can 
produce ROS (45,46). As a key molecule in oxidative stress, 
PKC plays a role in the pathogenesis of DR. Some scholars 
have found that curcumin can inhibit PKC to a certain extent, 
reduce the degree of oxidative stress, and thus exert a protective 
effect with regard to retinal tissue (47). The total antioxidant 
capacity (T‑AOC) can reflect the antioxidant capacity of an 
organism. Yang et al found that in a rat model of STZ‑induced 
DR, curcumin lowered the level of MDA and significantly 
increased the level of superoxide dismutase (SOD) in rat 
retinal tissue after 16 weeks of treatment (48). In parallel, the 
activity of T‑AOC also significantly increased (48). In addition, 
Bulboacă et al found that curcumin significantly reduced the 
levels of total oxidative stress and catalase in diabetic rats (49). 
In short, curcumin can downregulate the level of ROS and 
reduce the apoptosis of endothelial cells by increasing the 
levels of antioxidant stress substances and reducing the levels 
of ROS related enzymes. Thus, curcumin plays an important 
antioxidant role in DR.

Anti‑inflammatory effects of curcumin. The occurrence and 
progression of DR are closely related to inflammation (50). 
Some scholars have demonstrated that the pathogenesis of 
DR is similar to that of chronic inflammation, and in the 
retina and vitreous of diabetic patients and animals, the 
level of pro‑inflammatory cytokines increases  (51‑53). 

Figure 1. Chemical structure of curcumin.

Figure 2. Rhizomes of Curcuma longa and powdered turmeric.
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The activation of retinal Müller cells may play a critical 
role in the early development of inflammation, which is 
the late cause of retinal damage. During the early patho‑
logical process of DR, the levels of intercellular adhesion 
molecule‑1 (ICAM‑1) and vascular cell adhesion molecule‑1 
(VCAM‑1) increase (54). In addition, a number of inflam‑
matory cytokines, such as IL‑1β, IL‑6, IL‑8, TNF‑α and 
MCP‑1, are present in eye tissues in non‑proliferative DR 
(NPDR), and their expression levels are increased  (55). 
DR development is accompanied by ROS levels, which 
can further activate nuclear factor‑κB (NF‑κB), thereby 
increasing the levels of pro‑inflammatory mediators, such 
as cytokines (IL‑6) (56,57). The levels of IL‑1β and IL‑6 are 
increased in retinal pigment epithelial cells (RPECs) that are 
treated with high glucose. In response to IL‑1 stimulation, 
ROS and NF‑κB levels may be released, further increasing 
the production of pro‑inflammatory mediators and forming 
a mutually reinforcing feedback mechanism. It has also been 
indicated that oxidative stress and inflammation interact and 
jointly mediate the occurrence and development of DR (58). 
TNF‑α can act on vascular endothelial cells, damaging 
them, leading to cell hypoxia and necrosis. Moreover, as an 
inflammatory cytokine, TNF‑α is closely related to insulin 
resistance and chronic inflammation. Costagliola et al found 
that in the tears of patients with type 2 diabetes, the level 
of TNF‑α was significantly increased in patients with DR, 
particularly in proliferative diabetic retinopathy (PDR) (59). 
In rats with STZ‑induced diabetes, the level of TNF‑α was 
also increased. When curcumin was used, the TNF‑α levels 
in the group that was administered curcumin were reduced 
by 2.5‑fold compared with those in the diabetes group; this 
was accompanied by a resolution of the basement membrane 

layer edema (60). A schematic diagram of the anti‑inflam‑
matory effects of curcumin is presented in Fig. 4.

Peroxisome proliferator‑activated receptor‑γ (PPAR‑γ), a 
receptor activated by peroxisome proliferators, is a transcrip‑
tion factor induced by ligands. In peripheral monocytes, 
PPAR‑γ is induced in the process of infiltration of blood 
vessels into tissues and the activation of pro‑inflammatory 
stimulation. Some scholars also believe that PPAR‑γ and 
its agonist not only improve glucose homeostasis, but also 
regulate inflammation (61,62). In currently existing animal 
research models, PPAR‑γ agonists can inhibit the formation 
of retinal leukocytes and the leakage of retinal barrier in rats 
with STZ‑induced DR, alongside reducing the levels of various 
inflammatory markers, such as MCP‑1, IL‑6, matrix metallo‑
proteinase‑9 (MMP‑9), C‑reactive protein (CRP), etc. (63,64). 
Curcumin activates PPAR‑γ, reduces the level of inflamma‑
tory factors in the peripheral blood of patients with type 2 
diabetes and elevates the total antioxidant capacity (65). In 
addition, curcumin can also play a protective role in improving 
the activity of PPAR‑γ to reduce the production of nitric 
oxide (NO) and inhibit the proliferation of vascular smooth 
muscle cells and inflammatory reaction  (66). Curcumin 
inhibits the expression of related cytokines by enhancing 
PPAR‑γ activity to reduce the stimulation of ROS and NF‑κB 
and subsequently, inhibits inflammation and oxidative stress. 
It can also play an anti‑inflammatory role by directly reducing 
the levels of the inflammatory factor, TNF‑α, and the damage 
to retinal cells in a high glucose state.

Anti‑angiogenetic effects of curcumin. In DR, the levels 
of STAT3 can be upregulated by the pro‑inflammatory 
factor, IL‑6. Furthermore, its own activation can induce the 

Figure 3. Antioxidant stress effects of curcumin. Curcumin increases the antioxidant capacity by increasing the Nrf2, DNMT and GSH levels, and by upregu‑
lating T‑AOC and SOD expression. Curcumin may also reduce the levels of LOX, XOD, PKC and catalase, and downregulate the MDA levels to decrease the 
level of oxidative stress. Nrf2, nuclear factor E2‑related factor 2; DNMT, DNA methyltransferase; GSH, glutathione; T‑AOC, total antioxidant capacity; SOD, 
superoxide dismutase; LOX, lipoxygenase; XOD, xanthine oxidase; MDA, malondialdehyde; PKC, protein kinase C; ROS, reactive oxygen species.
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production of VEGF and increase the permeability of endo‑
thelial cells, as well as pathological angiogenesis in retinal 
endothelial cells (67). On the one hand, it can be stated that 
while pro‑inflammatory cytokines in diabetes may lead to 
retinal inflammatory injury, resulting in an altered retinal 
permeability, on the other hand, they may also indirectly 
result in pathological angiogenesis, causing greater damage to 
the eye.

VEGF represents another key factor involved in DR. Under 
physiological conditions, VEGF is a key factor involved in 
angiogenesis (68). In the DR state, VEGF is associated with 
the breakdown of the blood‑retinal barrier. With the release 
of VEGF, the level of ICAM‑1 increases (53), which further 
promotes the adhesion of leukocytes to retinal blood vessels 
and ultimately mediates retinal barrier breakdown and 
leakage, and retinal edema (69). With the increase in capillary 
occlusion, the state of retinal ischemia becomes more severe, 
leading to increased levels of VEGF, which in turn promote 
pathological neovascularization. The new vessels thus formed 
are very fragile, and their abnormal structure often leads to 
bleeding. The resulting progressive hemorrhage can further 
increase the expression of VEGF and aggravate chronic 
inflammatory response.

It is worth noting that diabetic rats treated with curcumin 
exhibit a significantly reduced VEGF expression. In a previous 
study, following treatment with curcumin, a significant 
reduction in the thickness of the retinal capillary basement 
membrane was observed in diabetic rats treated with curcumin, 
but not in the untreated diabetic rats  (70). Some scholars 
have confirmed that curcumin can reduce the expression of 
VEGF, inducible nitric oxide synthase (iNOS) and ICAM‑1 

by inhibiting the activation of CaMKII/NF‑κB signaling in 
the diabetic rat retina and in Müller cells cultured in high 
glucose (71,72). Curcumin not only exerts anti‑VEGF effects 
on the retina, but also exerts anti‑angiogenetic effects on the 
choroidal vascular system of diabetic rats. In another study, 
following treatment with curcumin, the size of blood vessels 
significantly increased, while both the degree of tortuosity of 
the diabetic microvascular system and the amount of generated 
microaneurysms decreased (73).

Some scholars have found that when the expression of 
phosphorylated‑Akt (p‑Akt) is downregulated, the angio‑
genesis of human umbilical vein endothelial cells (HUVEC) 
in vitro is also inhibited (74). It has been suggested that Akt 
phosphorylation may represent a key factor in angiogenesis. 
However, in RPECs that were treated with high glucose, 
curcumin was shown to reduce Akt phosphorylation and 
thus play a therapeutic role (75,76). Okamoto et al demon‑
strated that the activation of NF‑κB and activator protein‑1 
(AP‑1) can contribute to age‑induced angiogenesis through 
the overproduction of autocrine VEGF; however, curcumin, 
which is an inhibitor of NF‑κB and AP‑1, can prevent the 
upregulation of VEGF mRNA and the subsequent increase of 
DNA synthesis in endothelial cells (77). Stromal cell‑derived 
factor‑1 (SDF‑1) is another important factor in angiogenesis. 
The level of SDF‑1 is increased whether in patients with PDR 
or endothelial cells cultured in high glucose in vitro (78,79). 
Curcumin can significantly inhibit the SDF‑1‑induced migra‑
tion of human retinal endothelial cells (80,81). In summary, 
it is suggested that curcumin may play a therapeutic role in 
DR by reducing the level of SDF‑1 and angiogenesis (Fig. 5). 
Studies have found that inflammation is involved in the 

Figure 4. Anti‑inflammatory effects of curcumin. Curcumin controls inflammatory responses by reducing inflammatory factors, such as MCP‑1, IL‑6, MMP‑9, 
NO, and CRP, upregulating the level of PPAR‑γ, and downregulating TNF‑α. MCP‑1, monocyte chemoattractant protein‑1; IL‑6, interleukin‑6; MMP‑9, matrix 
metalloproteinase 9; CRP, C‑reactive protein; NO, Nitric oxide; PPAR‑γ, peroxisome proliferators‑activated receptor‑γ; TNF‑α, tumor necrosis factor α.
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process of angiogenesis. In mice, the subcutaneous injection 
of IL‑1α can induce a strong local angiogenic response, and 
VEGF receptor 2 (VEGFR‑2)‑neutralizing antibody can block 
the angiogenic effects of IL‑1α. Therefore, pro‑inflammatory 
factors can induce angiogenesis by activating the VEGF 
signaling pathway between inflammatory cells and vascular 
endothelial cells in a concentration‑dependent manner (82). 
Curcumin not only directly inhibits abnormal angiogenesis, 
but may also rely on the regulation of inflammatory factors to 
reduce the level of inflammation, to further reduce the number 
of new blood vessels. On the whole, curcumin not only reduces 
the severity of DR through anti‑inflammatory effects, but also 
regulates the number of abnormal retinal neovascularization 
events, reduces bleeding of pathological vessels, and further 
protects retinal tissue through anti‑angiogenic mechanisms.

Anti‑apoptotic and pro‑autophagic effects of curcumin. 
Apoptosis or autophagy is a self‑protective mechanism 
through which eukaryotic cells degrade toxic substances or 
damaged organelles through lysosomes. In the high glucose 
state, the expression of MMP‑2 increases, while the expres‑
sion of heat shock protein 60 and connexin 43 decreases, 
leading to mitochondrial membrane degradation, increased 
apoptosis, and more severe DR (83,84). On the basis of in vitro 
and in vivo experiments, researchers have demonstrated that 
in retinal ganglion cells of mice with STZ‑induced diabetes, 
the expression of caspase‑3 gradually increases (85). In addi‑
tion, as previously demonstrated, the apoptosis of adult retinal 
pigment epithelial cells (ARPE‑19 cells) that were cultured 
under high glucose conditions also significantly increased (86). 

These results indicate that increased apoptosis is also one of 
the key pathological mechanisms in diabetes.

Dysfunctional autophagy is associated with cancer, 
neurodegeneration, microbial infection and aging  (87‑90). 
Some scholars have shown that autophagy‑related markers are 
increased in Müller cells cultured in vitro when exposed to a 
high glucose environment (91). In a high glucose environment, 
the inhibition of autophagy can lead to a higher apoptotic 
rate of Müller cells, while rapamycin, an autophagy inducer, 
can prevent the release of VEGF and prevent apoptosis. It 
is suggested that the promotion of autophagy may protect 
cells cultured in high glucose (92). Another explanation that 
has been proposed for the association between apoptosis, 
autophagy and DR is endoplasmic reticulum (ER) stress. ER 
stress is involved in cellular metabolism in physiological or 
pathological states. When ER stress remains mild, it helps 
cells adapt to an abnormal state; however, long‑term, severe 
ER stress, which occurs in the diabetic state, can lead to 
increased autophagy and apoptosis (93).

Curcumin also plays an important role in anti‑apoptosis 
and pro‑autophagy (Fig. 6). As previously demonstrated, in 
cultured ARPE‑19 cells subjected to high glucose in vitro, 
Hoechst staining revealed that the apoptotic rate of the cells 
increased in the high glucose state, while curcumin treat‑
ment reduced the abnormally increased apoptotic rate. This 
protection may induce the expression of heme oxygenase‑1 
(HO‑1) through Nrf2 activation. Thus, curcumin plays a role 
in combating cell injury caused by high glucose  (94,95). 
In another group of animal experiments, Yang et al used a 
combination of low‑dose STZ and a high‑fat diet to establish 

Figure 5. Anti‑angiogenetic effects of curcumin. Curcumin can reduce angiogenesis by reducing the level of p‑Akt. It also inhibits retinal and choroidal 
neovascularization by reducing the levels of SDF‑1, NF‑κB, AP‑1, VEGF, iNOS and ICAM‑1, thus preventing the migration of endothelial cells and retinal 
vascular ischemia. p‑Akt, phosphorylated Akt; SDF‑1, stromal cell‑derived factor‑1; NF‑κB, nuclear factor‑κB AP‑1, activator protein‑1; VEGF, vascular 
endothelial growth factor; ICAM‑1, intercellular adhesion molecule‑1; iNOS, inducible nitric oxide synthase.
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an experimental rat model of diabetes (48). The experimental 
group was treated with curcumin every day. After 4 months of 
administration, the rats were euthanized, and their eyes were 
dissected. The expression of Bcl‑2 and Bax in the retina was 
assessed by western blot analysis and immunohistochemistry. 
Compared with the control group, Bax expression in the retinae 
of rats in the experimental group was downregulated, and 
Bcl‑2 expression was significantly increased. This suggested 
that curcumin played a role in inhibiting apoptosis, and can 
therefore exert a protective effect against DR (48).

Curcumin can also reduce insulin resistance in the diabetic 
state, and it has been proven to induce autophagy in gastric 
cancer cells. This effect is ROS concentration‑dependent, 
suggesting that the control of ER stress by curcumin may 
be achieved by regulating the ROS level (96). Some scholars 
have found that curcumin can inhibit ER stress in HUVECs 
and enhance autophagy, which may maintain ER homeostasis 
by degrading denatured and damaged proteins  (97). In a 
previous study, in mice with STZ‑induced diabetic nephrop‑
athy (DN), following 8 weeks of treatment with curcumin, 
compared with the control group, the curcumin group had 
a significantly increased light chain 3 (LC3) II/I ratio, and 
the levels of autophagy‑related proteins Beclin‑1, ultraviolet 
radiation resistance‑associated gene protein (UVRAG) and 
autophagy‑related protein 5 (ATG5) were also increased. 
In the same vein, curcumin reduced the expression of p62 
and enhanced the autophagy of podocytes in a high‑glucose 
culture, thus exerting a protective effect on cells (98). Yao et al 
found that in mice with diabetic cardiomyopathy induced by 

a high‑fat diet combined with a low‑dose STZ injection, the 
apoptosis of cardiac cells increased, and autophagy was inhib‑
ited (99). Curcumin phosphorylated Bcl‑2 by activating the 
AMP‑activated protein kinase (AMPK) and c‑Jun N‑terminal 
kinase‑1 (JNK1) pathways, and then destroyed their interaction 
with Beclin‑1; the AMPK‑mammalian target of rapamycin 
(mTOR) pathway was also inhibited; both these effects ulti‑
mately promoted autophagy and reduced apoptosis, thus the 
protecting cells (99). Therefore, it can be hypothesized that 
the protective effects of curcumin on DR involve the reduction 
of abnormal apoptosis of the retinal tissue in a high‑glucose 
state by regulating the level of apoptosis‑related proteins. On 
the contrary, by properly enhancing autophagy and removing 
denatured and damaged proteins, curcumin can reduce the 
damage to the retinal barrier and the state of vascular leakage. 
In parallel, it can restore the normal level of apoptosis and 
reduce the damage to the retina caused by high glucose.

Anti‑hyperglycemic and anti‑hyperlipidemic effects of 
curcumin. Hyperglycemia has been inevitably implicated as 
the main cause of DR. In addition to increasing the production 
of ROS through the autoxidation of glucose in a hypergly‑
cemic environment, oxidative stress is also associated with 
hyperglycemia‑induced metabolic pathways in DR. With an 
increase in the glucose concentration, NF‑κB, one of the key 
mediators of pro‑inflammation, is also constantly activated. 
Moreover, high glucose levels can induce the oxidative stress 
pathway, promote the production of multiple free radicals and 
participate in the pathogenic mechanisms of DR (100).

Figure 6. Anti‑apoptotic and pro‑autophagic effects of curcumin. Curcumin can upregulate the level of Nrf2 to induce the expression of HO‑1, and it also 
plays an anti‑apoptotic role by downregulating the levels of BAX, p62, and AMPK‑mTOR, and phosphorylating Bcl‑2 through AMPK and JNK1 pathways. 
In addition, curcumin can increase the ratio of LC3II/I and the level of Beclin‑1. This way, curcumin can enhance autophagy and protect cells from further 
damage. Nrf2, nuclear factor E2‑related factor 2; HO‑1, heme oxygenase‑1; AMPK, AMP‑activated protein kinase; mTOR, mammalian target of rapamycin; 
JNK1, c‑Jun N‑terminal kinase; LC3, light chain 3; UVRAG, ultraviolet radiation resistance‑associated gene protein; ATG5, autophagy‑related protein 5.
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Although hyperglycemia is the main cause of DR, hyper‑
lipidemia is also considered to play a decisive role in its 
pathogenesis. Triglyceride levels are directly related to the 
incidence and severity of DR, and long‑term lipid‑lowering 
therapy can reduce the need for laser therapy for patients 
with DR  (101). In recent years, an increasing number of 
studies have investigated lipids in association with diabetes. 
For DR, an abnormal vascular endothelial function leads to 
increased plasma exudation, and the lipids themselves aggra‑
vate endothelial cell damage (102). In diabetic rat models, 
the development of DR has been found to be enhanced in a 
hyperlipidemic environment, and the combination of hyper‑
lipidemia and hyperglycemia enhances the activation of the 
apoptotic pathway in retinal capillary cells by accelerating 
mitochondrial damage (103).

Curcumin may also play a direct role in reducing blood 
glucose levels (Fig.  7). de Melo  et  al used a randomized 
controlled experiment to supplement curcumin or placebo for 
individuals >18 years (104). After a 4‑week follow‑up, they 
found that compared with the placebo, curcumin supplementa‑
tion effectively reduced the fasting blood glucose concentration 
of individuals with a certain degree of blood glucose abnor‑
mality, but not that of non‑diabetic individuals (104). In mice 
and rat models of diabetes, curcumin and its synthetic analogs 
have been found to significantly reduce the level of blood 
glucose and glycosylated hemoglobin, improve the function of 
β cells, prevent β cell death (105‑107), reduce insulin resistance, 
and delay the occurrence and progression of diabetes (108). 
Moreover, the therapeutic effect of curcumin has been shown 
to be more prominent when bioavailability enhancers, such as 

piperine are used (109). Kato et al found curcumin to promote 
the level of glucagon‑like peptide 1 (GLP‑1) and to play 
a hypoglycemic role in a rat model in which curcumin was 
administered and glucose was then injected intraperitoneally 
to improve glucose tolerance (110). These findings demon‑
strate that curcumin has the biological function of promoting 
GLP‑1 secretion, and the curcumin‑induced increase in 
endogenous GLP‑1 secretion may reduce the required dosage 
of other diabetic drugs and help prevent diabetes and related 
complications (110).

Several studies have also revealed that curcumin is a natural 
lipid regulator (Fig. 7). In a randomized, placebo‑controlled, 
double‑blind trial, half of the patients with metabolic syndrome 
received curcumin extract capsules for 12 weeks. The results 
revealed a significant increase in high‑density lipoprotein 
cholesterol (HDL‑C) and a significant decrease in low‑density 
lipoprotein cholesterol (LDL‑C), accompanied by a significant 
decrease in triglyceride levels (111). This cholesterol‑lowering 
effect is believed to be related to the upregulation of LDL 
receptors following the administration of curcumin (112‑114). 
Soni and Kuttan also conducted an experiment on the effect 
of curcumin administration on the reduction of serum choles‑
terol and lipid peroxide levels (115). It was found that healthy 
individuals who received 500 mg of curcumin daily for 7 days 
also exhibited a decrease in serum lipid peroxide and total 
cholesterol levels and an increase in HDL‑C (115). Of note, in 
the serum results of New Zealand white rabbits fed a curcumin 
diet for 8 weeks, Um et al demonstrated that curcumin can 
indeed reduce the level of total cholesterol and low‑density 
lipoprotein, but it cannot affect the level of high‑density 

Figure 7. Anti‑hyperglycemic and anti‑hyperlipidemic effects of curcumin. Curcumin can enhance the level of GLP‑1 to improve glucose tolerance and reduce 
triglycerides by regulating the level of lipoproteins. It can also control insulin resistance by lowering blood glucose and glycosylated hemoglobin levels. These 
effects can ultimately delay the progression of diabetes and DR by down‑regulating serum cholesterol and lipid peroxides. DR, diabetic retinopathy; GLP‑1, 
glucagon‑like peptide‑1; HDL‑C, high‑density lipoprotein cholesterol; LDL‑C, low‑density lipoprotein cholesterol.
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lipoprotein. The latter may be related to the concomitant 
cholesterol diet (116). In light of these findings, taken together, 
it can be concluded that curcumin can reduce blood glucose 
and blood lipid in many ways, and thus improve the symptoms 
of diabetes and DR.

6. Conclusions

DR represents one of the severe microvascular compli‑
cations of diabetes mellitus. Its underlying pathogenic 
mechanisms represent a complex process characterized 
by multi‑factorial participation, multigenic regulation, and 
multi‑step evolutionary processes. A variety of mechanisms 
jointly contribute to the occurrence and progression of DR. 
Due to the large number of patients with DR worldwide, 
particularly individuals of working‑age, increasing atten‑
tion is being paid to DR as a severe eye disease that leads 
to blindness. It has been found that curcumin can improve 
glucose and lipid metabolism, improve insulin sensitivity, 
reduce insulin resistance, and improve oxidative stress and 
inflammatory pathway conditions in diabetes and DR. In 
the future, further clinical trials may be designed to assess 
whether the bioavailability of curcumin could be improved 
by combining it with other available therapies. The regula‑
tory effects of curcumin on autophagy and apoptosis may 
provide insight for the development of novel therapeutics for 
DR. Further studies are required to explore the therapeutic 
potential of curcumin and evaluate whether it can be used as 
a novel drug for DR in clinical practice.
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