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Abstract
Hyperlipidemia is correlated with a series of health problems. Notably, aside from its established role in promoting cardiovascular morbidity and mortality, hyperlipidemia has also been considered for modulating the risk and the severity of multiple metabolic disorders. According to the results of epidemiologic investigations, several certain circulating lipoprotein species are correlated with the prevalence of diabetic retinopathy, suggesting that the physiological and pathological role of these lipoproteins is analogous to that observed in cardiovascular diseases. Furthermore, the lipid-lowering treatments, particularly using statin and fibrate, have been demonstrated to ameliorate diabetic retinopathy. Thereby, current focus is shifting towards implementing the protective strategies of diabetic retinopathy and elucidating the potential underlying mechanisms. However, it is worth noting that the relationship between major serum cholesterol species and the development of diabetic retinopathy, published by other studies, was inconsistent and overall modest, revealing the relationship is still not clarified. In this review, the current understanding of hyperlipidemia in pathogenesis of diabetic retinopathy was summarized and the novel insights into the potential mechanisms whereby hyperlipidemia modulates diabetic retinopathy were put forward.
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	The omega-3 polyunsaturated free acids
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Introduction
Hyperlipidemia, characterized by reduced circulating high-density lipoprotein cholesterol (HDL-C), elevated circulating low-density lipoprotein cholesterol (LDL-C), and very low-density lipoprotein cholesterol (VLDL-C), has been verified to be closely correlated with a series of cardio-metabolic disorders, such as obesity, hypertension, and coronary heart disease [1]. For instance, the process whereby excessive LDL-C intrudes into the sub-endothelium is intimately involved in the cascade to atherosclerotic lesions; meanwhile, reduced circulating LDL-C levels retard the process of atherosclerosis [2]. On the other hand, the HDL particle displays a vital anti-atherosclerotic effect since it accepts cholesterol from peripheral tissues for delivery to the liver through a classical method that is called reverse cholesterol transport (RCT). Additionally, the well-established anti-oxidative function of HDL, which prevents the oxidation progression of LDL particle into ox-LDL particle, also inhibits the initial atheroma formation within the sub-endothelial region [3]. Thereby, hyperlipidemia has become a pressing issue which poses serious risks to health of human beings.
Emerging evidence shows that aside from its established relationship with cardiovascular diseases, hyperlipidemia has been confirmed for the correlation with diabetes mellitus and its various complications, such as diabetic retinopathy [4]. Recently, hyperlipidemia is considered as one of the strongest risk factors for pathogenic development of diabetic retinopathy [5]. As reported, diabetic retinopathy is one of the most significant complications in diabetic patients and meanwhile, it is also considered as one of the essential causes of visual damage, hand in hand with the sight-threatening disease in around 20% of diabetic patients, leading to more than 45,000 novel cases of blindness among American per year [6]. In the clinical practice, diabetic retinopathy has two major types, as non-proliferative diabetic retinopathy (NPDR) and proliferative diabetic retinopathy (PDR). To be more specific, NPDR, identified as the earliest stage of diabetic retinopathy, is characterized by having severe retinal vascular permeability, micro-aneurysms formation, exudation, hard exudate, and hemorrhage. Under this condition, atrophy and ischemia of the neurosensory retina resultantly induce severe vision loss. The further advanced stage of PDR is characterized by nerve-fiber layer infracts, neo-vascular proliferation, vitreous tortuosity and hemorrhage, resulting in increased risk of visual impairment due to tractional retinal detachment and hemorrhage [7].
Two of the classical risk factors of diabetic retinopathy, including hyperglycemia and hypertension, are strongly involved in the pathogenic development of diabetic retinopathy [8]. The clinical managements of those two aberrant conditions have been demonstrated in randomized trials which significantly prevent the conception of diabetic retinopathy without diagnosed, as well as reduce the development of diabetic retinopathy and the visual loss when it is already existed [9]. Thus, several international clinical guidelines focusing on diabetic retinopathy therapy have paid attention to the strict control of hyperglycemia and hypertension [10, 11]. Nonetheless, being more common than in the general population after correction for the traditional risk factors, the increased incidence of diabetic retinopathy may potentially be explained by other risk factors. Importantly, the relationship between hyperlipidemia and diabetic retinopathy has been under investigation, but a conclusive linkage is still not elucidated. In the past decades, the lipid-lowering agents have been identified as the potential therapeutic agents for diabetic retinopathy, and the management of hyperlipidemia could be an additional aim in patients with diabetes [12]. Herein, in the current paper, the understandings of hyperlipidemia in the pathogenesis of diabetic retinopathy have been put forward. Moreover, the novel insights into the potential mechanisms by which hyperlipidemia regulates the risk of diabetic retinopathy have also been summarized.
Classification and clinical significance of serum lipid profiles
Serum lipid profiles are classically classified into two main types, as the simple lipids and the complex lipids. Simple lipids contain total fatty acid and cholesterol, while complex lipids contain total triglyceride (TG) and cholesterol ester [13]. In humans, TG are always packed after feeding both in the small intestine as chylomicrons (CM) and in the liver as VLDL [14]. With in-depth investigations, these lipoprotein complexes contain a hydrophobic essential core of the cholesterol ester and the TG ester, which is surrounded by a hydrophilic configuration of proteins and phospholipids for solubility [15].
The serum lipoprotein complexes are known collectively as apolipoproteins, including apolipoprotein A1 (ApoA1), apolipoprotein C3 (ApoC3), apolipoprotein B (ApoB), and apolipoprotein A5 (ApoA5) [16]. Notably, the lipoproteins are classified according to their density, the content of lipids, and the composition of diverse apolipoproteins. The LDL-C carries up approximately 70% to 75% of total cholesterol [17].
Recently, evidence has illuminated that the role of circulating lipid profiles on affecting the risk of cardio-metabolic disorders. As reported, the circulating level of LDL-C is the major contributor to the promotion of atherosclerosis and is the strongest predictor of atherogenesis [18]. Thereby, it has been firmly established for the relationship between circulating levels of LDL-C and risk of atherosclerosis; meanwhile, it is not doubt about the benefits obtained from the lipid-lowering treatments. Till now, several large-scale randomized controlled trials from different countries have shed light on the confirmed beneficial effects of lipid-lowering agents, such as statin, ezetimibe, and fenofibrate, in reducing the risk of atherosclerotic related cardiovascular disease, making the lipid-lowering treatment become the most important of therapeutic strategy in reducing the prevalence and the severity of major adverse cardiovascular events (MACE) [19]. Consistent with this notion, several important guidelines have flagged LDL-C as an important therapeutic target for patient with diabetes.
It has also been recommended that the serum apolipoprotein B-100 (ApoB-100), as the only apolipoprotein within LDL particle, could be used to predict the cardiovascular risk [20]. On the contrary, multiple clinical investigations have confirmed that higher serum levels of HDL-C are closely correlated with a lower risk of MACE. According to these eye-catching results, it has been proposed to use the inhibitors of cholesteryl ester transfer protein (CETP) in order to up-regulate the circulating HDL-C levels, such as using Torcetrapib, Evacetrapib, and Dalcetrapib. However, the results showed that the treatment with inhibitors of CETP could not obtain expected benefits [21].
Clinical trials on hyperlipidemia and diabetic retinopathy
Several clinical trials containing diverse sample of participants focus on the correlations between hyperlipidemia and diabetic retinopathy. However, the published results are inconsistent. The discordances in results might be ascribed to the various measurements of detection for patients with diabetic retinopathy and the diverse standards of diagnosed definitions for diabetic retinopathy.
As described above, the potential role of hyperlipidemia in regulating diabetic retinopathy has begun to gain appreciation, whereas the majority of published papers have demonstrated no statistical significant relationship between serum lipid profiles with the development of diabetic retinopathy. For instance, the Wisconsin Epidemiologic Study of Diabetic Retinopathy (WESDR), which enrolled 2,366 diabetic subjects, assessed the risk biomarkers for diabetic retinopathy and revealed that the serum total cholesterol had no significant correlation with the development of diabetic retinopathy [22]. Additionally, the serum total cholesterol has also been confirmed as a biomarkers for severity of hard exudate in the individuals with young-onset diabetes mellitus. By contrary, within the participants with older-onset diabetes, the circulating levels of total cholesterol were not related with the severity of diabetic retinopathy and hard exudate [23].
Likewise, using the same cohort, the authors conducted another investigation which went on a subsequent 5-year follow-up and found a significant relationship between the incidence of retinal lesions and serum levels of LDL-C, whereas multivariate correlations focusing on the additional risk factors did not show any association [24]. It is worth noting that the WESDR trial did not assess the serum levels of TG or differentiate between LDL-C and HDL-C levels, thereby it could not conclude whether hyperlipidemia promote the severity of diabetic retinopathy. The similar results could be observed in another independent study, named the Sorbinil Retinopathy Trial (SRT), which also failed to discover the relationship between hyperlipidemia with the pathological promotion of diabetic retinopathy in the subjects with type 1 diabetes mellitus [25, 26].
Interestingly, the relationship was further investigated in many studies. However, the results did not reveal an accurate relationship. For instance, a study that focused on the Tehran subjects, evaluated the risk factors of diabetic retinopathy. By analysis, the authors found that among 8,000 enrolled subjects, about 10% of them presented diabetes, but the prevalence of hyperlipidemia had no obvious correlation with the risk of diabetic retinopathy [27, 28]. Consistently, another large-scale clinical trial, called the Australian Diabetes, Obesity and Lifestyle Study (AusDiab Study), screened about 2,200 participants with diabetes mellitus and found that the circulating levels of LDL-C were not correlated with the development of diabetic retinopathy [29]. In contrast, a study named the Singapore Malay Eye Study (SMES) put forward that the higher body mass index (BMI) and higher circulating levels of LDL-C were related with the pathogenic development of diabetic retinopathy; notably, these results were subsequently replicated in another independent study, indicating an associations between BMI and diabetic retinopathy [30].
On the other hand, increasing evidence explains hyperlipidemia with the presence of the complications of diabetic retinopathy, such as hard exudate and diabetic macular edema. According to the previous conclusions, the hard exudate, an early symbol of diabetic retinopathy, has been considered to be induced by lipid leakage from dysfunctional retinal capillaries. In the WESDR trial, the serum levels of total cholesterol were correlated with the risk and the severity of hard exudate among the participants with young-onset type 2 diabetes mellitus [22, 23]. In the Early Treatment of Diabetic Retinopathy Study (ETDRS), serum lipid profiles were also confirmed to be correlated with hard exudate. In details, the elevated serum levels of total cholesterol induced about two-fold elevated risk of diabetic retinal hard exudate in the subjects with both type 1 and type 2 diabetes mellitus, and the subjects with higher circulating LDL-C were also more inclined to suffer from diabetic retinal hard exudate. Synchronously, the higher circulating levels of total cholesterol, LDL-C, and TG could be considered as biomarkers for the development of diabetic retinal hard exudate [31]. In another independent population-based trial, named the Chennai Urban Rural Study (CURES), the subjects with diabetic retinopathy presented increased circulating levels of TG compared with the healthy individuals, and the circulating levels ofLDL-C was significantly correlated with the risk of diabetic macular edema [32]. In another large-scale clinical investigation, the author found that the risk of hard exudate could be induced and deteriorated by higher serum LDL-C levels [33]. More recently, The Sankara Nethralaya Diabetic Retinopathy Epidemiology and Molecular Genetic Study (SN-DREAMS) also demonstrated that higher circulating LDL-C levels and higher total cholesterol/LDL-C ratio were correlated with diabetic macular edema [34].
Clinical trials on lipid markers and diabetic retinopathy have been summarized in Table 1. Given that the published results are discordant, more trials with large-scale sample of participants are still needed to further explore the relationship between hyperlipidemia and diabetic retinopathy Fig. 1.
Table 1Clinical trials on lipid markers and diabetic retinopathy


	Study, year, references
	Reference
	Participants Size
	NOS score
	Quality
	Major Results
	Biomarkers of serum lipid profiles

	TC
(mmol/L)
	TG
(mmol/L)
	LDL-C
(mmol/L)
	HDL-C
(mmol/L)

	 	Cross-sectional studies

	EURODIAB, 2008
	[35]
	2,991
	8
	High
	NPDR
	5.42 ± 1.11
	1.22 ± 0.82
	3.25 ± 1.10
	1.76 ± 0.45

	 	 	 	 	 	PDR
	5.51 ± 1.51
	1.36 ± 1.08
	3.12 ± 0.94
	1.65 ± 0.51

	WESDR, 2008
	[22]
	2,366
	8
	High
	Hard exudates
	5.61 ± 1.20
	1.37 ± 0.54
	3.53 ± 1.10
	1.24 ± 0.71

	ETDRS, 1991
	[31]
	2,709
	8
	High
	Hard exudates
	5.44 ± 1.38
	1.46 ± 0.48
	3.30 ± 1.25
	1.28 ± 0.33

	SN-DREAMS. 2017
	[24]
	1,414
	8
	Moderate
	CSME
	5.12 ± 0.95
	1.45 ± 0.78
	3.45 ± 1.31
	1.54 ± 0.53

	CURES, 2005
	[32]
	1,736
	9
	High
	Any DR
	5.37 ± 1.66
	1.39 ± 0.86
	3.20 ± 1.16
	1.47 ± 0.98

	DCCT/EDIC, 2004
	[36]
	1,441
	8
	Moderate
	DR severity
	5.40 ± 1.15
	1.34 ± 0.67
	3.35 ± 1.45
	1.25 ± 0.50

	AusDiab, 2003
	[29]
	2,177
	8
	High
	Any DR
	5.50 ± 1.03
	1.81 ± 0.36
	NA
	NA

	Javadi et al., 2009
	[27]
	7,989
	8
	High
	Any DR
	5.24 ± 0.86
	1.47 ± 0.74
	3.32 ± 1.41
	1.05 ± 0.21

	ARIC, 2016
	[33]
	1,600
	8
	High
	Hard exudates
	5.43 ± 1.18
	NA
	3.53 ± 1.47
	NA

	Hoorn, 2003
	[37]
	626
	9
	Moderate
	Hard exudates
	5.57 ± 1.25
	1.31 ± 0.51
	3.55 ± 1.04
	1.23 ± 0.52

	 	Prospective studies

	WESDR, 2008
	[22]
	2,366
	8
	High
	Hard exudates
	5.61 ± 1.20
	1.37 ± 0.54
	3.53 ± 1.10
	1.24 ± 0.21

	DCCT/EDIC, 2004
	[36]
	1,441
	8
	Moderate
	CSME
	5.14 ± 0.75
	NA
	3.66 ± 1.03
	NA

	Cohen et al., 1999
	[25]
	497
	8
	Moderate
	PDR
	5.01 ± 1.17
	1.21 ± 3.01
	3.16 ± 0.96
	1.34 ± 0.45


Summary of diverse clinical trials on lipid markers and diabetic retinopathy. The quality assessment of each studies was accessed and scored by using the Newcastle–Ottawa Quality (NOS) Assessment Scale. This scale varied from 0 to 9 stars, which indicated that studies were graded as good if they met greater than 8 criteria. All the following criteria for enrolling the clinical trials had to be met: (1) the design was a case–control study in humans, reporting on two outcome groups: one with DR and one without DR; (2) published observational studies with data on both patients with DR and healthy age-and sex-matched controls; (3) study provided the detailed data in both cases and controls, including the levels of other serum lipids; (4) the healthy controls were clearly described. If study with data published more than once or using the same subjects, we considered all publications for data abstraction, only the article with adequate study strategy was chosen. In addition, studies were excluded if they were reviews, clinical trials, case report, animals’ experiments and discussion papers
Abbreviations: CSME Clinically significant macular edema, TC total cholesterol, TG triglyceride, LDL-C low-density lipoprotein cholesterol, HDL-C high-density lipoprotein cholesterol, DR Diabetic retinopathy, NPDR Non-proliferative diabetic retinopathy, PDR Proliferative diabetic retinopathy, NA Not applicable
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Fig. 1Figure of the potential mechanisms which induce sight-threatening events of diabetic retinopathy (DR), proliferative DR (PDR), and diabetic macular edema (DME). Abbreviation: AGE, advanced glycation end-products; PKC, protein kinase C; RAS, renin– angiotensin system, ROS, reactive oxygen species; NADPH, Nicotinamide adenine dinucleotide phosphate; mETC, mitochondrial electron transport chain


Evidence of lipid-lowering strategies in diabetic retinopathy therapy
Despite the discordant correlation between hyperlipidemia and diabetic retinopathy, belief in a positive correlation leads to the attention shifting towards implementing lipid-lowering strategy in preventing diabetic retinopathy. Unexpectedly, some early clinical investigations, using atromid and clofibrate, failed to improve the visual function in patients, though they obtained a beneficial effect on retinal hard exudate. However, since statin could reduce total cholesterol and LDL-C, while fibrate could decrease TG, the role of these two lipid-lowering agents on modulating serum lipid levels and the progression of diabetic retinopathy has obtained massive attention.
Statins
The earliest small non-comparative studies, conducted by Gordon et al. in 1991, firstly suggested that the aggressive therapy of diabetic patients with hyperlipidemia might have a beneficial effect on diabetic retinopathy. The study, which contained only six diabetes patients who took pravastatin, showed that all the patients presented improvement in hard exudate and four of them presented improvement in micro-aneurysms [38]. Subsequently, several randomized clinical trials aiming at investigating statin in diabetic retinopathy treatment were published. For instance, one study, enrolling 50 patients with hyperlipidemia and diabetic retinopathy, demonstrated that patients who took simvastatin 20 mg daily had improvement of diabetic retinopathy and less incidence of worsening visual acuity assessed by fluorescein angiography [39]. Likewise, another study, enrolling 30 diabetic patients with hyperlipidemia and hard exudate, also demonstrated that the patients who took atorvastatin presented improvement of hyperlipidemia and reduction in hard exudate. However, the researchers did not observe significant differences in improving CSME regression [40]. Though these trials were clearly limited by small sample of participants, the results strongly suggested the importance of reducing LDL-C and total cholesterol in the subjects with diabetic retinopathy.
In the next several decades, the relationship has been replicated in several large-scale studies from different countries, revealing lipid-lowering therapy is correlated with the improvement of diabetic retinopathy. The Steno-2 Study (S-2-S) is a randomized clinical trial focusing on multiple markers, including glycemic, blood pressure, and serum lipid profiles. During about 13 years of follow-up, 160 diabetic subjects displayed persistent microalbuminuria. Intensive treatment of statin was correlated with an approximately 50% reduction in the development of diabetic macular edema [41]. Recently in 2017, Chung et al. conducted a study enrolling the medical records of 110 diabetic subjects who were randomized to treatment with statin or placebo. After analysis, though statin presented little significant effect on inhibiting the progression of diabetic retinopathy, the macular edema was showed within 30% of subjects with statin and 50% of subjects without statin, indicating that the lipid-lowering treatment with statin inhibits the progression of diabetic macular edema [42]. In last year, a clinical trial containing more than 1,648,300 diabetic individuals demonstrated that under statin therapy, the patients presented a significantly reduced prevalence of diabetic retinopathy, NPDR, PDR, and vitreous hemorrhage, revealing that the statin therapy is necessary and essential for the vision-threatening therapy in participants with hyperlipidemia and hyperglycemia [43]. More recently in 2020, Pranata et al. performed a systematic literature search and demonstrated that statin treatment was strongly correlated with a remarkably decreased risk of diabetic retinopathy. Moreover, statin treatment also lowered the necessary for the therapy with intravitreal injection and vitrectomy [44]. Similar conclusions could also be seen in another study which aimed to assess the function of lipid-lowering agents on diabetic retinopathy and its related complications requiring intervention [45].
Nevertheless, some other studies question the benefit of statin with respect to diabetic retinopathy therapy. For instance, a case–control study, containing 684 subjects, demonstrated no significant correlation between statin therapy and diabetic retinopathy [46]. Similar outcomes could be found in another large-scale clinical trial named Collaborative Atorvastatin Diabetes Study (CADS). The trial, containing 2,838 subjects, is a series trial of lipid-lowering treatment focusing on the primary prevention of cardiovascular diseases under diabetic status. By analysis, the authors found that atorvastatin showed greatest function in lowering the prevalence of first cardiovascular disease events, whereas it had no significant effect on preventing diabetic retinopathy [47]. Taken together, clinical management of hyperlipidemia with statin seems to slow the risk of diabetic retinopathy, and aggressive statin treatment may alter the development of diabetic retinopathy.
Fibrates
Increasing data has shown the modulatory role of fibrates in patients of diabetic retinopathy, revealing that fibrates embrace the function of inhibiting the progression diabetic retinopathy and its complications. Among multiple studies, the eye-catching results of two large-scale independent clinical surveys were published as the landmark importance of lipid-lowering treatment in patients with diabetic retinopathy. To be more specific, one of the studies is named Actions of Control Cardiovascular Risk in Diabetes (ACCORD) study which is a randomized clinical trial that assesses the management of serum glucose, circulating lipid profiles, and blood pressure in more than 10,250 diabetic subjects with statin and fenofibrate together. After analysis, fenofibrate could significantly prevent the progression of diabetic retinopathy. Combination medication of fibrate and statin further reduced the severity of diabetic retinopathy by approximately 40% compared to those within subjects using simvastatin alone [48, 49]. Similarly, the FIELD study focused on evaluating fenofibrate in cardiovascular disease events in 9,795 diabetic participants. Notably, the authors found a significant reduction in the tertiary outcome of the participants requiring laser photocoagulation, and fenofibrate could decrease the rate of first laser treatment by 31% [50]. Furthermore, in Ophthalmology sub-trial, which contained 1,012 patients without diabetic retinopathy at baseline, the authors demonstrated that the pathogenic development of diabetic retinopathy was significantly modulated by fenofibrate. Additionally, fenofibrate treatment was also correlated with about 20% reduction in the primary endpoint and approximately 60% reduction in the prevalence of macular edema. Over the later five years, patients with fenofibrate were less inclined to laser therapy, revealing that the long-term and relatively extensive dose of fenofibrate could prevent microvascular endpoints [51]. In 2018, Kawasaki et al. also confirmed that among 69,070 subjects with type 2 diabetes, using lipid-lowering agents was associated with lowered risk of diabetic retinopathy prevalence, as well as the decreased incidence of diabetic macular edema [52].
Notably, these two similar results need further discussions. In details, both ACCORD trial and FIELD trial failed to demonstrate that fenofibrate could reduce macrovascular events, but did found a benefit for microvascular events, such as diabetic retinopathy and its complications, indicating that fenofibrate could act on unconventional mechanism to modulate the progression of diabetic retinopathy. Otherwise, in both two trials, the effects on diabetic retinopathy were independent of the regulatory functions of fenofibrates on serum lipid profiles, again suggesting a new protective pathway such as inflammation or endothelial dysfunction. More recently, Shi et al. conducted a meta-analysis, including 8 randomized clinical trials containing 13,454 subjects, and provided evidence for the lipid-lowering agents in treating diabetic retinopathy and its major complications. The results revealed that lipid-lowering agents could significantly reduce the risk of diabetic retinopathy; in addition, these agents might have protective function on diabetic macular oedema [53].
Conclusively, the data provides the evidence for lipid-lowering treatment, fenofibrate in particular, as adjunctive treatment for diabetic retinopathy beyond the traditional strategies of tight management of blood glucose and blood pressure. Given that the previous guideline, named the Australian National Health and Medical Research Council Guidelines for the controlling of diabetic retinopathy, has recommended that physicians should undertake the serum lipid-lowering agents to inhibit the progression of diabetic macular oedema, especially in patients with extensive hard exudate deposition [54], large clinical trials are required to further confirm how to use lipid-lowering agents could bring more benefit for the patients.
Other potential therapeutic strategies
Owing to technological developments, breakthroughs have been put forward to show the potential therapeutic strategies in improving diabetic retinopathy. First, the role of cholesterol intake from daily diet in exudative maculopathy has been assessed in some studies. For instance, a study containing 8 patients demonstrated that the progression of retinal exudative maculopathy was suppressed after a high-carbohydrate and low-cholesterol diet, indicating that the content of cholesterol plays a vital role in regulating diabetic retinopathy [55]. Consistent with this notion, another factor is the serum level of linoleic acid. An investigation enrolling 137 patients found that patients with retinal exudative maculopathy had a lower percentage of linoleic acid within total cholesterol esters compared to those in the patients without retinal exudative maculopathy [56]. Thereby, the management of daily diet is of great significance in treating diabetic retinopathy.
Second, the effect of nuclear receptors on modulating the progression of diabetic retinopathy has obtained attention. Among multiple receptors, PPAR-γ is considered as one of the most important therapeutic targets in diabetic retinopathy [57]. As shown in previous studies, PPAR-γ could be stimulated by the omega-3 polyunsaturated free acids (PUFAs) and subsequently induced the PUFA-mediated benefit in diabetic retinopathy. The researchers administered omega-3 PUFAs during the neo-vascular stage in mice with oxygen-induced retinopathy and found that the PUFAs induced more than 40% reduced neovascularization [58]. Similar with this conclusion, Damavandi et al. demonstrated that the serum insulin and the LDL-C/HDL-C ratio lowered obviously in patients using PUFAs compared with the control individuals, indicating that consumption of PUFAs could lower circulating insulin and LDL-C/HDL-C ratio in patients with type 2 diabetes mellitus [59]. Recently, a meta-analysis conducted by Sepidarkish et al. showed that co-supplementation with PUFAs and vitamin E increased the levels of nitric oxide and total anti-oxidant capacity, suggesting that PUFAs suppresses the oxidative stress that could be considered as a novel mechanism whereby PUFAs modulates the development of diabetes and diabetic retinopathy [60].
On the other hand, the PPAR-γ agonist, such as rosiglitazone, was verified to significantly delay the progression of proliferative diabetic retinopathy, as the rates of proliferative diabetic retinopathy occurred in 19.2% in patients using rosiglitazone and 47.4% in patients using placebo. Meanwhile, fewer eyes within the subjects using rosiglitazone presented more than three lines of visual acuity loss [61]. Otherwise, some lipid-lowering agents, such as fibrates, act as activators of PPAR-α and resultantly modulate the progression of diabetic retinopathy [62]. This effect may guide us to further understand the beneficial function of fibrate on diabetic retinopathy.
Relationship between novel serum biomarkers and diabetic retinopathy
In addition to the traditional biomarkers of serum lipid profiles, various novel biomarkers have obtained attention to further explore the mechanism whereby dyslipidemia influences diabetic retinopathy.
Lipoprotein (a)
Lipoprotein (a) [Lp(a)] is a novel serum lipoprotein which has been verified to be correlated with cardiovascular diseases, such as atherosclerosis, acute coronary syndromes, and other coronary heart diseases [63]. Accumulating clinical trials focusing on the important role of Lp(a) in diabetic retinopathy put forward discordant results. For instance, in several studies containing the type 1 diabetic patients, the authors found a positive relationship between higher circulating levels of Lp(a) with the pathogenic development of diabetes [64, 65], while an equivalent number of trials did not demonstrated any significant association [66, 67]. On the other hand, the results of some studies are contradictory, since both the positive and the negative relationship between circulating Lp(a) and the development of diabetes and its complications were published [36, 68]. Importantly, several potential mechanisms, which accounts for Lp(a) in modulating the development of diabetic retinopathy have been suggested, such as the increased extent of mesangial cell proliferation, the up-regulation of endothelin, the decreased endothelial cell population, and the down-regulation of nitric oxide affecting vascular tone [69, 70].
Apolipoproteins
The circulating apolipoprotein profiles seemed to be correlated with the development of diabetic retinopathy, which could be considered as novel biomarkers of diabetic retinopathy. In a cross-sectional clinical survey, which contained 224 diabetic participants, the authors detected both traditional lipid biomarkers and non-traditional biomarkers, including ApoA1, ApoA5, ApoC3, and the ratio of ApoA1 to ApoB, and inflammatory cytokines under the fasting status. After analysis, they found that diabetic retinopathy existed in approximately 60% of the diabetic patients. When adjusted for sex, age, blood pressure, duration of diabetes, and individual medications, only serum levels of HDL-C were inversely associated with the severity of diabetic retinopathy; consistently, the serum levels of ApoA1 were confirmed to be inversely correlated with the pathogenic progession of diabetic retinopathy. By contrast, the serum levels of ApoB, ApoC3, and the ratio of ApoA1 to ApoB had positive correlations with diabetic retinopathy. The serum levels of ApoA5 showed no association with the disease [71]. Another trial using a prediction model for diabetic retinopathy which encompassing the traditional risk biomarkers for diabetic retinopathy including blood glucose, blood pressure, and serum lipid profiles. With in-depth investigations, the serum levels of traditional lipid profiles slightly increased, but the apolipoproteins collectively improved the area by approximately 8%. A combination of traditional lipid profiles and apolipoproteins showed improvement by more than 7% [72].
It is worth noting that these reports seem to be biological plausibility. As described, ApoA1 is the major structural and functional protein within HDL particle, which has been verified to exert beneficial effects on cardiovascular diseases and inflammatory diseases due to the antioxidant and anti-inflammatory functions [73]. Supporting this notion, evidence showed that within retinal pigment epithelium, the expression level of ApoA1 was higher in the vitreous body isolated from the diabetic subjects compared to those in patients without diagnosed diabetes, providing evidence of a protective function of ApoA1 against the lipo-toxicity and lipid deposition [74]. By immuno-histochemical research and the immunofluorescence research, the authors observed that the intracellular ApoA1 protein localized on the ganglion cell layer, retinal pigment epithelium, and rod photoreceptor inner, indicating that retina makes use of an intracellular mechanism of lipid profiles transportation [75].
ApoB, the major apolipoprotein within VLDL particle and LDL particle, is correlated with the atherosclerosis and its related coronary diseases [76]. Moreover, ApoB itself has also been confirmed to have the positive relationship with the severity of diabetic retinopathy [77]. By the immunostaining research, the intracellular level of ApoB was increased within the LDL particle during the promotion of diabetic retinopathy, suggesting that ApoB could be used as a novel biomarker of diabetic retinopathy [78].
The circulating levels of diverse apolipoproteins were more predictive for the progression of diabetic retinopathy compared to the serum levels of total cholesterol or LDL-C alone. For example, ApoA1 is associated with the quantity of HDL particle. Thus, the HDL complex, on the other hand, has been verified to be heterogeneous and their function is strongly affected by ApoA1. Otherwise, ApoB is one of the major proteins within the atherogenic lipoproteins in circulation, such as intermediate-density lipoprotein (IDL) and Lp(a). However, given that these apolipoproteins are not detected regularly in clinical practice, it is necessary to conduct more studies to further research the relationship between these biomarkers and diabetic retinopathy. Conclusively, the association between lipid burden with the apolipoprotein could potentially account for the relationship between dyslipidemia with the progression of diabetic retinopathy.
Some inflammatory cytokines
Some traditional pro-inflammatory factors, such as C-reactive protein (CRP) and IL-1β, is being identified as the novel therapeutic targets of diabetic retinopathy [57, 79]. Accumulating evidence from large clinical trials has shed light on the effect. For instance, the Justification for the Use of Statins in Primary Prevention: an Intervention Trial Evaluating Rosuvastatin (JUPITER) trial found that higher serum levels of CRP and IL-1β were correlated with diabetic retinopathy. Statins exert their therapeutic functions through lowering serum levels of CRP and IL-1β [80]. Furthermore, in another large population-based cohort, named the Hoorn Study, the authors analyzed 625 patients and verified that the higher circulating levels of CRP were associated with the risk and the development of diabetic retinopathy and its complications [37]. Similar relationship could be observed in another independent research, which showed that CRP embraced a positive relationship with diabetic retinopathy [35]. Recently, in another independent longitudinal survey of diabetic patients, the authors identified that IL-1β had a positive relationship with the development of diabetic retinopathy [81]. In a word, these inflammatory biomarkers could be considered as the predictors of diabetic retinopathy, and the anti-inflammatory agents may exert the beneficial functions.
Fibroblast growth factor 21 (FGF21)
FGF21 is belonged to the FGF19 protein subfamily and is a recently discovered cytokine within circulation. Emerging evidence has demonstrated that the circulating level of FGF21 is increased significantly in multiple cardio-metabolic disorders, embracing an important role in regulating carbohydrate and lipid metabolism, consequently affecting the pathological development of these disorders [82]. Particularly, in the participants with type 2 diabetes, FGF21 has been verified to reduce body weight and ameliorate the hyperlipidemia. By contrast, in mice with both obesity and diabetes, FGF21 reduced serum levels of TG by modulating the lipoprotein catabolism and maintaining the phospholipid homeostasis within adipose tissue [83]. Furthermore, FGF21 also increases lipid utilization in response to amino acid starvation [84].
With in-depth investigation, it has been demonstrated that FGF21 could modulate the activity of proliferator-activated nuclear receptor δ (PPAR-δ), so FGF21 is considered as a crucial PPAR-δ agonist which ameliorates metabolic disorders [85]. On the other hand, FGF21 could also regulate PPAR-α and resultantly affect body fat content. In insulin-deficient mice with diabetes, the authors found that the FGF21 suppressed the secretion of pro-inflammatory cytokines, enhanced retinal antioxidant defense system, restored disorganized cone photoreceptor segments, and improved the retinal function [86]. By deepen research, FGF21 also modulated the synthesis and secretion of adiponectin, which could reversely mediate the function of FGF21 in blood glucose and lipid metabolism [87]. Similarly, Fu et al. confirmed that the adiponectin-mediated FGF21 was correlated with a series of metabolic retinal disorders, inhibiting ocular neovascularization in mice [88]. Taken together, these results strongly suggest that FGF21 could be considered as a novel serum biomarker to predict the development of diabetic retinopathy.
The unclarified questions and further investigations
Despite increasing results of current extensive study, the accurate relationship between hyperlipidemia and diabetic retinopathy still remains unclarified. Importantly, this question could be taken into account with the oversimplified results of epidemiologic investigations. As reported previously, the serum lipid profiles contain diverse molecules with multiple biological functions, which are dissimilar with other simple risk markers, such as blood pressure and blood glucose. On the other hand, according to the results of epidemiologic surveys, the traditional biomarkers of lipid profiles are not associated with diabetic retinopathy. Consistently, the lipid-lowering therapy has also been put forward to ameliorate diabetic retinopathy which is independent of their modulatory function on serum lipids.
On the other hand, the downstream products of lipid metabolism could also modulate the process of lipid metabolism in turn through specific biochemical mechanisms, indicating that these downstream products could be suitable as the predictors of diseases [89]. Since the therapeutic functions of fibrates on diabetic retinopathy have been demonstrated to be separate of regulating the risk of hypertension, hyperlipidemia, and hyperglycemia, the correlation of diabetic retinopathy with circulating lipid profiles may be beyond the traditional risk markers, and these potential mechanisms need to be further clarified.
Moreover, the lipid-lowering medicines, particularly the statin, ezetimibe, and fibrates, are verified to be effective in improving diabetic retinopathy. However, these results were obtained from sub-analyses of clinical trials which evaluated the cardiovascular end points. Thus, large-scale clinical trials of the therapeutic effect of fibrate or statin as primary prevention for diabetic retinopathy remain lacking and especially urgent. On the other hand, the lack of clinicians who could make the decision in clinical practice, presents the variability in therapies whereby clinicians achieve strict control of blood pressure and blood glycemic. As a consequence, a novel approach is also needed currently. Among all the therapies under investigation and development, the lipid-lowering treatment embraces eye-catching promise which could add to the present clinical therapeutic strategy.
Finally, given that the current lipid-lowering agents are with significant adverse effects, another essential issue is collecting and identifying the profiles of hospitalized patients who would benefit most from the lipid-lowering therapy. In addition to the traditional serum lipid levels which alone are inadequate, the novel serum biomarkers of lipid profiles and inflammatory reactions, or the endothelial dysfunction are potentially related.
Study strength and limitations
Several limitations in this comprehensive review should be denoted. First, the serum lipid levels were the only outcome assessed, whether treatment with lipid-lowering agents achieved a greater reduction in the risk of diabetic retinopathy are going to require further study. Second, some investigations enrolling relatively small sample size, as less than 500 subjects, which may not embrace the strong evidence enough. Third, the molecular mechanism of lipid-lowering therapy affecting lipid metabolism in patients with diabetic retinopathy has not been reported yet. Thus, the relationship between using lipid-lowering agents, such as statins, fibrates, and ezetimibe, with lipid metabolism in patients with diabetic retinopathy needs further investigation.
Nevertheless, the current review also has its strengths to elucidate the correlation between the classical lipid biomarkers and diabetic retinopathy. Additionally, the lipid-lowering treatments could be identified as one of the most potential therapeutic agents for diabetic retinopathy. By comparison to other single-country or single-race trial, our comprehensive review could increase the generalizability by combining and analyzing the data and conclusions from several different studies across different continents. Thereby, our review could provide a relatively precise assessment on the relationship between dyslipidemia and diabetic retinopathy. Moreover, the favorable effects of lipid-lowering agents on modulating the risk of diabetic retinopathy by enhancing the statistical significances and resolutions.
Conclusions and future perspectives
The present review sheds light on that even if the lack of accurate correlation between the classical lipid biomarkers and diabetic retinopathy, the lipid-lowering treatments could be identified as one of the most potential therapeutic agents for diabetic retinopathy. The lipid-lowering agents, including statin and fenofibrate, function through various pathways which might be attached to the promotion of atherosclerosis and its related coronary heart diseases, suggesting novel mechanisms by which the agents prevent diabetic retinopathy, such as promoting systemic inflammatory reactions. Future investigations to illustrate these mechanisms embrace promise for the promotion of novel types of agents. As a consequence, the inclusion of serum lipid management could be considered as another important arm in treating diabetic retinopathy.
Acknowledgements
No

Author contributions
Y.Y. Chou, X. Su, and Y. Zhong conceived of the scope of the review. Y.Y. Chou and J. Ma was involved in the accumulation of the relevant references and wrote the manuscript. All authors read and approved the final manuscript.

Funding
Not received.

Availability of data and materials
Not applicable.

Ethics approval and consent to participate
Not applicable.

Consent for publication
Not applicable.

Competing interests
The authors declare that they have no competing interests.


References
	1.
Su X, Peng D. New insight into sortilin in controlling lipid metabolism and the risk of atherogenesis. Biol Rev. 2019;95:232–43.

	2.
Rabar S, Harker M, O’Flynn N, Wierzbicki AS, Guideline Development G. Lipid modification and cardiovascular risk assessment for the primary and secondary prevention of cardiovascular disease: summary of updated NICE guidance. BMJ. 2014;349:g4356.

	3.
Tall AR. Plasma high density lipoproteins: therapeutic targeting and links to atherogenic inflammation. Atherosclerosis. 2018;276:39–43.PubMed

	4.
Ruscica M, Ferri N, Macchi C, Corsini A, Sirtori CR. Lipid lowering drugs and inflammatory changes: an impact on cardiovascular outcomes? Ann Med. 2018;50:461–84.PubMed

	5.
Frank RN. Diabetic retinopathy and systemic factors. Middle East Afr J Ophthalmol. 2015;22:151–6.PubMedPubMedCentral

	6.
Hendrick AM, Gibson MV, Kulshreshtha A. Diabetic retinopathy. Prim Care. 2015;42:451–64.PubMed

	7.
Knickelbein JE, Abbott AB, Chew EY. Fenofibrate and diabetic retinopathy. CurrDiab Rep. 2016;16:90.

	8.
Wong TY, Cheung CM, Larsen M, Sharma S, Simo R. Diabetic retinopathy. Nat Rev Dis Primers. 2016;2:16012.PubMed

	9.
Lingam S, Rani PK, Sheeladevi S, Kotapati V, Das T. Knowledge, attitude and practices on diabetes, hypertension and diabetic retinopathy and the factors that motivate screening for diabetes and diabetic retinopathy in a pyramidal model of eye health care. Rural Remote Health. 2018;18:4304.PubMedPubMedCentral

	10.
Pesin N, Mandelcorn ED, Felfeli T, Ogilvie RI, Brent MH. The role of occult hypertension in retinal vein occlusions and diabetic retinopathy. Can J Ophthalmol. 2017;52:225–8.PubMed

	11.
From the American Association of Neurological Surgeons ASoNC, Interventional Radiology Society of Europe CIRACoNSESoMINTESoNESOSfCA, Interventions SoIRSoNS, World Stroke O, Sacks D, Baxter B, Campbell BCV, Carpenter JS, Cognard C, Dippel D, et al. Multisociety consensus quality improvement revised consensus statement for endovascular therapy of acute ischemic stroke. Int J Stroke. 2018;13:612–32.

	12.
Mozetic V, Freitas CG, Riera R. Statins and fibrates for diabetic retinopathy: protocol for a systematic review. JMIR Res Protoc. 2017;6:e30.PubMedPubMedCentral

	13.
Lim LS, Wong TY. Lipids and diabetic retinopathy. Expert OpinBiolTher. 2012;12:93–105.

	14.
Afshinnia F, Pennathur S. Lipids and cardiovascular risk with CKD. Clin J Am SocNephrol. 2020;15:5–7.

	15.
Lim S, Park YM, Sakuma I, Koh KK. How to control residual cardiovascular risk despite statin treatment: focusing on HDL-cholesterol. Int J Cardiol. 2013;166:8–14.PubMed

	16.
Zheng XY, Zhao SP, Yu BL, Wu CL, Liu L. Apolipoprotein A5 internalized by human adipocytes modulates cellular triglyceride content. BiolChem. 2012;393:161–7.

	17.
Agrawal S, Zaritsky JJ, Fornoni A, Smoyer WE. Dyslipidaemia in nephrotic syndrome: mechanisms and treatment. Nat Rev Nephrol. 2018;14:57–70.PubMed

	18.
Su X, Luo M, Tang X, Luo Y, Zheng X, Peng D, Investigators C-A. Goals of non-high density lipoprotein cholesterol need to be adjusted in Chinese acute coronary syndrome patients: findings from the CCC-ACS project. ClinChimActa. 2019;496:48–54.

	19.
Su X, Kong Y, Peng D. Evidence for changing lipid management strategy to focus on non-high density lipoprotein cholesterol. Lipids Health Dis. 2019a;18:134.PubMedPubMedCentral

	20.
Frikke-Schmidt R. Genetic variation in the ABCA1 gene, HDL cholesterol, and risk of ischemic heart disease in the general population. Atherosclerosis. 2010;208:305–16.PubMed

	21.
Eyvazian VA, Frishman WH. Evacetrapib: another CETP inhibitor for dyslipidemia with no clinical benefit. Cardiol Rev. 2017;25:43–52.PubMed

	22.
Hirai FE, Moss SE, Klein BE, Klein R. Relationship of glycemic control, exogenous insulin, and C-peptide levels to ischemic heart disease mortality over a 16-year period in people with older-onset diabetes: the Wisconsin Epidemiologic Study of Diabetic Retinopathy (WESDR). Diabetes Care. 2008;31:493–7.PubMed

	23.
LeCaire TJ, Palta M, Klein R, Klein BE, Cruickshanks KJ. Assessing progress in retinopathy outcomes in type 1 diabetes: comparing findings from the Wisconsin Diabetes Registry Study and the Wisconsin Epidemiologic Study of Diabetic Retinopathy. Diabetes Care. 2013;36:631–7.PubMedPubMedCentral

	24.
Klein BE, Klein R, Moss SE. Is serum cholesterol associated with progression of diabetic retinopathy or macular edema in persons with younger-onset diabetes of long duration? Am J Ophthalmol. 1999;128:652–4.PubMed

	25.
Cohen RA, Hennekens CH, Christen WG, Krolewski A, Nathan DM, Peterson MJ, LaMotte F, Manson JE. Determinants of retinopathy progression in type 1 diabetes mellitus. Am J Med. 1999;107:45–51.PubMed

	26.
Grewal AS, Bhardwaj S, Pandita D, Lather V, Sekhon BS. Updates on aldose reductase inhibitors for management of diabetic complications and non-diabetic diseases. Mini Rev Med Chem. 2016;16:120–62.PubMed

	27.
Javadi MA, Katibeh M, Rafati N, Dehghan MH, Zayeri F, Yaseri M, Sehat M, Ahmadieh H. Prevalence of diabetic retinopathy in Tehran province: a population-based study. BMC Ophthalmol. 2009;9:12.PubMedPubMedCentral

	28.
Mohammadi M, Raiegani AAV, Jalali R, Ghobadi A, Salari N. The prevalence of retinopathy among type 2 diabetic patients in Iran: a systematic review and meta-analysis. Rev EndocrMetabDisord. 2019;20:79–88.

	29.
Tapp RJ, Shaw JE, Harper CA, de Courten MP, Balkau B, McCarty DJ, Taylor HR, Welborn TA, Zimmet PZ, AusDiab Study G. The prevalence of and factors associated with diabetic retinopathy in the Australian population. Diabetes Care. 2003;26:1731–7.

	30.
Wong TY, Cheung N, Tay WT, Wang JJ, Aung T, Saw SM, Lim SC, Tai ES, Mitchell P. Prevalence and risk factors for diabetic retinopathy: the Singapore Malay Eye Study. Ophthalmology. 2008;115:1869–75.PubMed

	31.
Relhan N, Flynn HW Jr. The early treatment diabetic retinopathy study historical review and relevance to today’s management of diabetic macular edema. CurrOpinOphthalmol. 2017;28:205–12.

	32.
Rema M, Premkumar S, Anitha B, Deepa R, Pradeepa R, Mohan V. Prevalence of diabetic retinopathy in urban India: the Chennai Urban Rural Epidemiology Study (CURES) eye study, I. Invest Ophthalmol Vis Sci. 2005;46:2328–33.PubMed

	33.
Sahli MW, Mares JA, Meyers KJ, Klein R, Brady WE, Klein BE, Ochs-Balcom HM, Donahue RP, Millen AE. Dietary intake of lutein and diabetic retinopathy in the Atherosclerosis Risk in Communities Study (ARIC). Ophthalmic Epidemiol. 2016;23:99–108.PubMedPubMedCentral

	34.
Raman R, Ganesan S, Pal SS, Gella L, Kulothungan V, Sharma T. Incidence and progression of diabetic retinopathy in urban India: SankaraNethralaya-Diabetic Retinopathy Epidemiology and Molecular Genetics Study (SN-DREAMS II), report 1. Ophthalmic Epidemiol. 2017;24:294–302.PubMed

	35.
Beulens JW, Kruidhof JS, Grobbee DE, Chaturvedi N, Fuller JH, Soedamah-Muthu SS. Alcohol consumption and risk of microvascular complications in type 1 diabetes patients: the EURODIAB Prospective Complications Study. Diabetologia. 2008;51:1631–8.PubMed

	36.
Lyons TJ, Jenkins AJ, Zheng D, Lackland DT, McGee D, Garvey WT, Klein RL. Diabetic retinopathy and serum lipoprotein subclasses in the DCCT/EDIC cohort. Invest Ophthalmol Vis Sci. 2004;45:910–8.PubMed

	37.
van Leiden HA, Dekker JM, Moll AC, Nijpels G, Heine RJ, Bouter LM, Stehouwer CD, Polak BC. Risk factors for incident retinopathy in a diabetic and nondiabetic population: the Hoorn study. Arch Ophthalmol. 2003;121:245–51.PubMed

	38.
Gordon B, Chang S, Kavanagh M, Berrocal M, Yannuzzi L, Robertson C, Drexler A. The effects of lipid lowering on diabetic retinopathy. Am J Ophthalmol. 1991;112:385–91.PubMed

	39.
Sen K, Misra A, Kumar A, Pandey RM. Simvastatin retards progression of retinopathy in diabetic patients with hypercholesterolemia. Diabetes Res ClinPract. 2002;56:1–11.

	40.
Gupta A, Gupta V, Thapar S, Bhansali A. Lipid-lowering drug atorvastatin as an adjunct in the management of diabetic macular edema. Am J Ophthalmol. 2004;137:675–82.PubMed

	41.
Gaede P, Lund-Andersen H, Parving HH, Pedersen O. Effect of a multifactorial intervention on mortality in type 2 diabetes. N Engl J Med. 2008;358:580–91.PubMed

	42.
Chung YR, Park SW, Choi SY, Kim SW, Moon KY, Kim JH, Lee K. Association of statin use and hypertriglyceridemia with diabetic macular edema in patients with type 2 diabetes and diabetic retinopathy. CardiovascDiabetol. 2017;16:4.

	43.
Kang EY, Chen TH, Garg SJ, Sun CC, Kang JH, Wu WC, Hung MJ, Lai CC, Cherng WJ, Hwang YS. Association of statin therapy with prevention of vision-threatening diabetic retinopathy. JAMA Ophthalmol. 2019;137:363–71. .PubMedPubMedCentral

	44.
Pranata R, Vania R, Victor AA. Statin reduces the incidence of diabetic retinopathy and its need for intervention: a systematic review and meta-analysis. Eur J Ophthalmol 2020:1120672120922444.

	45.
Vail D, Callaway NF, Ludwig CA, Saroj N, Moshfeghi DM. Lipid-lowering medications are associated with lower risk of retinopathy and ophthalmic interventions among United States patients with diabetes. Am J Ophthalmol. 2019;207:378–84.PubMed

	46.
Zhang J, McGwin G Jr. Association of statin use with the risk of developing diabetic retinopathy. Arch Ophthalmol. 2007;125:1096–9.PubMed

	47.
Dodson PM. Management of diabetic retinopathy: could lipid-lowering be a worthwhile treatment modality? Eye (Lond). 2009;23:997–1003.

	48.
Group AS, Group AES, Chew EY, Ambrosius WT, Davis MD, Danis RP, Gangaputra S, Greven CM, Hubbard L, Esser BA, et al. Effects of medical therapies on retinopathy progression in type 2 diabetes. N Engl J Med. 2010;363:233–44.

	49.
Egan A, Byrne M. Effects of medical therapies on retinopathy progression in type 2 diabetes. Ir Med J. 2011;104:37.PubMed

	50.
Keech A, Simes RJ, Barter P, Best J, Scott R, Taskinen MR, Forder P, Pillai A, Davis T, Glasziou P, et al. Effects of long-term fenofibrate therapy on cardiovascular events in 9795 people with type 2 diabetes mellitus (the FIELD study): randomised controlled trial. Lancet. 2005;366:1849–61.PubMed

	51.
Keech AC, Mitchell P, Summanen PA, O’Day J, Davis TM, Moffitt MS, Taskinen MR, Simes RJ, Tse D, Williamson E, et al. Effect of fenofibrate on the need for laser treatment for diabetic retinopathy (FIELD study): a randomised controlled trial. Lancet. 2007;370:1687–97.

	52.
Kawasaki R, Konta T, Nishida K. Lipid-lowering medication is associated with decreased risk of diabetic retinopathy and the need for treatment in patients with type 2 diabetes: a real-world observational analysis of a health claims database. Diabetes ObesMetab. 2018;20:2351–60.

	53.
Shi R, Zhao L, Wang F, Liu F, Chen Z, Li R, Liu Y, Lin R. Effects of lipid-lowering agents on diabetic retinopathy: a meta-analysis and systematic review. Int J Ophthalmol. 2018;11:287–95.PubMedPubMedCentral

	54.
Yuen J, Clark A, Ng JQ, Morlet N, Keeffe J, Taylor HR, Preen DB. Further survey of Australian ophthalmologist’s diabetic retinopathy management: did practice adhere to National Health and Medical Research Council guidelines? ClinExpOphthalmol. 2010;38:613–9.

	55.
Dow C, Mancini F, Rajaobelina K, Boutron-Ruault MC, Balkau B, Bonnet F, Fagherazzi G. Diet and risk of diabetic retinopathy: a systematic review. Eur J Epidemiol. 2018;33:141–56.PubMed

	56.
Dowd TC, Howard-Williams J, Thursfield V, Bron AJ, Hockaday TD, Mann JI. Diabetic retinopathy: different risk factors for exudates and haemorrhages. IntOphthalmol. 1986;9:11–5.

	57.
Jenkins AJ, Joglekar MV, Hardikar AA, Keech AC, O’Neal DN, Januszewski AS. Biomarkers in diabetic retinopathy. Rev Diabet Stud. 2015;12:159–95.

	58.
Eynard AR, Repossi G. Role of omega3 polyunsaturated fatty acids in diabetic retinopathy: a morphological and metabolically cross talk among blood retina barriers damage, autoimmunity and chronic inflammation. Lipids Health Dis. 2019;18:114.PubMedPubMedCentral

	59.
DarvishDamavandi R, Mousavi SN, Shidfar F, Mohammadi V, Rajab A, Hosseini S, Heshmati J. Effects of daily consumption of cashews on oxidative stress and atherogenic indices in patients with type 2 diabetes: a randomized controlled-feeding trial. Int J EndocrinolMetab. 2019;17:e70744.

	60.
Sepidarkish M, Akbari-Fakhrabadi M, Daneshzad E, Yavari M, Rezaeinejad M, Morvaridzadeh M, Heshmati J. Effect of omega-3 fatty acid plus vitamin E co-supplementation on oxidative stress parameters: a systematic review and meta-analysis. ClinNutr. 2020;39:1019–25.

	61.
Shen LQ, Child A, Weber GM, Folkman J, Aiello LP. Rosiglitazone and delayed onset of proliferative diabetic retinopathy. Arch Ophthalmol. 2008;126:793–9.PubMed

	62.
Hiukka A, Maranghi M, Matikainen N, Taskinen MR. PPARalpha: an emerging therapeutic target in diabetic microvascular damage. Nat Rev Endocrinol. 2010;6:454–63.PubMed

	63.
Orso E, Schmitz G. Lipoprotein(a) and its role in inflammation, atherosclerosis and malignancies. Clin Res CardiolSuppl. 2017;12:31–7.

	64.
Littmann K, Wodaje T, Alvarsson M, Bottai M, Eriksson M, Parini P, Brinck J. The Association of Lipoprotein(a) plasma levels with prevalence of cardiovascular disease and metabolic control status in patients with type 1 diabetes. Diabetes Care. 2019;43:1851–8.PubMed

	65.
Macedoni M, Hovnik T, Plesnik E, Kotnik P, Bratina N, Battelino T, Groselj U. Metabolic control, ApoE genotypes, and dyslipidemia in children, adolescents and young adults with type 1 diabetes. Atherosclerosis. 2018;273:53–8.PubMed

	66.
Cardoso-Saldana G, Bravo-Rios LE, Torres-Tamayo M, Zamora-Gonzalez J, Posadas-Romero C. Apolipoprotein(a) phenotypes and lipoprotein(a) in type 1 diabetes mellitus patients and their first-degree relatives. Rev Invest Clin. 2003;55:662–9.PubMed

	67.
Koschinsky ML, Marcovina SM. The relationship between lipoprotein(a) and the complications of diabetes mellitus. ActaDiabetol. 2003;40:65–76.

	68.
Deepa R, Mohan A, Rema M, Haranath SP, Saravanan G, Mohan V. Lipoprotein(a) in South Indian type 2 diabetic subjects in relation to diabetic vascular complications. J Assoc Physicians India. 2002;50:657–61.PubMed

	69.
Greiber S, Kramer-Guth A, Pavenstadt H, Gutenkunst M, Schollmeyer P, Wanner C. Effects of lipoprotein(a) on mesangial cell proliferation and viability. Nephrol Dial Transplant. 1996;11:778–85.PubMed

	70.
Moeslinger T, Friedl R, Volf I, Brunner M, Koller E, Spieckermann PG. Inhibition of inducible nitric oxide synthesis by oxidized lipoprotein(a) in a murine macrophage cell line. FEBS Lett. 2000;478:95–9.PubMed

	71.
Sasongko MB, Wong TY, Nguyen TT, Kawasaki R, Jenkins A, Shaw J, Wang JJ. Serum apolipoprotein AI and B are stronger biomarkers of diabetic retinopathy than traditional lipids. Diabetes Care. 2011;34:474–9.PubMedPubMedCentral

	72.
Zhang Q, Hu J, Hu Y, Ding Y, Zhu J, Zhuang C. Relationship between serum apolipoproteins levels and retinopathy risk in subjects with type 2 diabetes mellitus. ActaDiabetol. 2018;55:681–9.

	73.
Rosenson RS, Brewer HB Jr, Ansell BJ, Barter P, Chapman MJ, Heinecke JW, Kontush A, Tall AR, Webb NR. Dysfunctional HDL and atherosclerotic cardiovascular disease. Nat Rev Cardiol. 2016;13:48–60.PubMed

	74.
Storti F, Raphael G, Griesser V, Klee K, Drawnel F, Willburger C, Scholz R, Langmann T, von Eckardstein A, Fingerle J, et al. Regulated efflux of photoreceptor outer segment-derived cholesterol by human RPE cells. Exp Eye Res. 2017;165:65–77.PubMed

	75.
Li CM, Clark ME, Chimento MF, Curcio CA. Apolipoprotein localization in isolated drusen and retinal apolipoprotein gene expression. Invest Ophthalmol Vis Sci. 2006;47:3119–28.PubMed

	76.
Morita SY. Metabolism and modification of apolipoprotein B-containing lipoproteins involved in dyslipidemia and atherosclerosis. Biol Pharm Bull. 2016;39:1–24.PubMed

	77.
Ankit BS, Mathur G, Agrawal RP, Mathur KC. Stronger relationship of serum apolipoprotein A-1 and B with diabetic retinopathy than traditional lipids. Indian J EndocrinolMetab. 2017;21:102–5.

	78.
Crosby-Nwaobi R, Chatziralli I, Sergentanis T, Dew T, Forbes A, Sivaprasad S. Cross talk between lipid metabolism and inflammatory markers in patients with diabetic retinopathy. J Diabetes Res. 2015;2015:191382.PubMedPubMedCentral

	79.
Yang XF, Deng Y, Gu H, Lim A, Snellingen T, Liu XP, Wang NL, Domalpally A, Danis R, Liu NP. C-reactive protein and diabetic retinopathy in Chinese patients with type 2 diabetes mellitus. Int J Ophthalmol. 2016;9:111–8.PubMedPubMedCentral

	80.
Khera AV, Demler OV, Adelman SJ, Collins HL, Glynn RJ, Ridker PM, Rader DJ, Mora S. Cholesterol efflux capacity, high-density lipoprotein particle number, and incident cardiovascular events: an analysis from the JUPITER Trial (Justification for the Use of Statins in Prevention: An Intervention Trial Evaluating Rosuvastatin). Circulation. 2017;135:2494–504.PubMedPubMedCentral

	81.
Song J, Chen S, Liu X, Duan H, Kong J, Li Z. Relationship between C-reactive protein level and diabetic retinopathy: a systematic review and meta-analysis. PLoS ONE. 2015;10:e0144406.PubMedPubMedCentral

	82.
Su X, Kong Y, Peng D. Fibroblast growth factor 21 in lipid metabolism and non-alcoholic fatty liver disease. ClinChimActa. 2019b;498:30–7.

	83.
Barb D, Bril F, Kalavalapalli S, Cusi K. Plasma fibroblast growth factor 21 is associated with severity of nonalcoholic steatohepatitis in patients with obesity and type 2 diabetes. J ClinEndocrinolMetab. 2019;104:3327–36.

	84.
Staiger H, Keuper M, Berti L, Hrabe de Angelis M, Haring HU. Fibroblast growth factor 21-metabolic role in mice and men. Endocr Rev. 2017;38:468–88.PubMed

	85.
Zarei M, Barroso E, Palomer X, Dai J, Rada P, Quesada-Lopez T, Escola-Gil JC, Cedo L, Zali MR, Molaei M, et al. Hepatic regulation of VLDL receptor by PPARbeta/delta and FGF21 modulates non-alcoholic fatty liver disease. MolMetab. 2018;8:117–31.

	86.
Grabacka M, Pierzchalska M, Dean M, Reiss K. Regulation of ketone body metabolism and the role of PPARalpha. Int J MolSci. 2016;17:2093.

	87.
Lin Z, Pan X, Wu F, Ye D, Zhang Y, Wang Y, Jin L, Lian Q, Huang Y, Ding H, et al. Fibroblast growth factor 21 prevents atherosclerosis by suppression of hepatic sterol regulatory element-binding protein-2 and induction of adiponectin in mice. Circulation. 2015;131:1861–71.PubMedPubMedCentral

	88.
Fu Z, Wang Z, Liu CH, Gong Y, Cakir B, Liegl R, Sun Y, Meng SS, Burnim SB, Arellano I, et al. Fibroblast growth factor 21 protects photoreceptor function in type 1 diabetic mice. Diabetes. 2018;67:974–85.PubMedPubMedCentral

	89.
Spickett CM, Pitt AR. Modification of proteins by reactive lipid oxidation products and biochemical effects of lipoxidation. Essays Biochem. 2020;64:19–31.PubMed



Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in published maps and institutional affiliations.


OEBPS/navigation.xhtml

    
      Contents


      
        		Emerging insights into the relationship between hyperlipidemia and the risk of diabetic retinopathy


      


    
    
      Landmarks


      
        		Body Matter


      


    
  

OEBPS/images/12944_2020_1415_Fig1_HTML.png
Diabetes

- — \ T/

Hypertension Hyperglycemia Insulin resistance Dyslipidemia Hormones

Altered biochemical pathway

Glial activation

Aberrant growth Inflammatory ROS
factor signaling . Cytokines, chemokines <~ (NAPDH oxidase, METC)

/ \ Progression
i Neuro-glial )
Vascular dysfunction )
. degeneration mild NPDR
l moderated NPDR

alteration of the BRB

>~ DR — severe NPDR

Hypoxia Vascular permeability oy l

Angiogenesis J L PDR





OEBPS/css/envelope.png





OEBPS/css/sidebar.gif





