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ABSTRACT
The global prevalence of diabetic kidney disease is rapidly accelerating due to an
increasing number of people living with type 2 diabetes. It has become a significant
global problem, increasing human and financial pressures on already overburdened
healthcare systems. Interest in diabetic kidney disease has increased over the last decade
and progress has been made in determining the pathogenic mechanisms and patient-
related factors involved in the development and pathogenesis of this disease. A greater
understanding of these factors will catalyse the development of novel treatments and
influence current practice. This review summarises the latest evidence for the factors
involved in the development and progression of diabetic kidney disease, which will
inform better management strategies targeting such factors to improve therapeutic
outcomes in patients living with diabetes.

Subjects Diabetes and Endocrinology, Nephrology, Public Health
Keywords Type 2 Diabetes Mellitus, Diabetic kidney disease, Pathogenesis, Risk factors

INTRODUCTION
Rapid urbanisation and increasingly sedentary lifestyles have increased the global prevalence
of type 2 diabetesmellitus (T2DM) over recent decades (Guariguata et al., 2014). According
to the International Diabetes Federation, an estimated 451 million people are currently
living with diabetes worldwide, with the number expected to increase to 693million by 2045
(Cho et al., 2018). Poorly managed T2DMmay lead to complications, negatively impacting
on health outcomes. Diabetic kidney disease (DKD) is the most common cause of chronic
and end-stage kidney disease (ESKD), with approximately one in three patients living with
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T2DM developing DKD (Gheith et al., 2016). The increasing prevalence of T2DM and the
significant morbidity, mortality and healthcare costs associated with DKD (Gheith et al.,
2016) have led to a research imperative to better understand the pathogenesis of DKD
and develop better management strategies. The current treatment approach for preventing
microvascular complications in T2DM, such as DKD, comprises of a combination of
lifestyle management and regulating blood glucose levels and blood pressure, including
drugs which inhibit or block the renin-angiotensin system. More recently, sodium-glucose
cotransporter-2 (SGLT2) inhibitors have been established as a new class of glucose lowering
agents which also reduce the incidence of DKD (Keri, Samji & Blumenthal, 2018). However,
alternative options to prevent and treat DKD are still needed.

A variety of studies have demonstrated the beneficial effects on albuminuria when
treating hyperglycaemia and hypertension (Ismail-Beigi et al., 2010). Hyperglycaemia,
however, does not fully account for the development of DKD (Barnett, 2010). It is
a combination of other factors including, hypertension, oxidative stress, proteinuria,
dyslipidaemia, genetic predisposition, haemodynamic changes, duration of diabetes,
obesity, weight, age, smoking and possibly gender. Over the last decade, there have been
increasing amounts of research conducted to evaluate the factors contributing to the
development and progression of DKD. Hence, it is timely for a contemporary review of
the evidence available to be performed, which will have practice implications. This paper
aims to review the factors which contribute to the development and progression of DKD
in T2DM.

Survey methodology
A literature search of EMBASE, ProQuest, PubMed, Science Direct and the Curtin
University Library databases was undertaken using keyword searches (i.e., ‘type 2 diabetes
mellitus’, ‘diabetic nephropathy’, ‘diabetic kidney disease’, ‘pathogenesis’, ‘risk factors’).
Articles were restricted to those that were peer-reviewed, published in English with the full
text available. Titles and abstracts were screened to determine relevancy.

DISCUSSION
The factors contributing to the development of DKD can be classified as modifiable and
non-modifiable. Modifiable factors include hyperglycaemia and the mechanisms by which
hyperglycaemia invokes functional and structural changes on the kidney, hypertension,
dyslipidaemia, obesity, weight and smoking. Lifestyle modifications are crucial for
controlling andminimising the impact of these factors, however when lifestylemanagement
is insufficient, pharmacological strategies are used to provide a synergistic effect. Non-
modifiable factors include age, duration of diabetes, gender and most importantly, the
genetic make-up of the patient. Diabetes and its associated complications involve a variety
of processes and body systems, hence are known as multi-factorial diseases.

The details of these factors and their role in structural and functional changes in the
kidney are described below, with Fig. 1 illustrating the complex interplay of these factors.
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Figure 1 Schematic representation of the complex interplay of pathogenic mechanisms and patient-
related factors in diabetic kidney disease. ACE, angiotensin-converting enzyme; CTGF, connective tissue
growth factor; ELMO1, engulfment and cell motility 1; HDL, high density lipoprotein; ICAM-1, intercel-
lular adhesion molecule-1; IL, interleukin; LDL, low density lipoprotein; NF-κB, nuclear factor-kappa B;
PKC, protein kinase C; RAS, renin-angiotensin system; ROS, reactive oxygen species; TGF, transforming
growth factor; TNF, tumour necrosis factor; VEGF, vascular endothelial growth factor.

Full-size DOI: 10.7717/peerj.11070/fig-1

Hyperglycaemia
Hyperglycaemia is a critical factor largely responsible in the pathogenesis of DKD. When
intracellular glucose is not adequately dealt with through glycolysis, the activation of various
pathways occurs, which has detrimental effects to the kidneys in particular the glomerular
cells; parietal epithelial cells, podocytes, endothelial cells and mesangial cells (Song et al.,
2019). These cells are responsible for glomerular capillary structure and modulation of
glomerular filtration. Chronic hyperglycaemia is related to increases in mesangial cell
proliferation and hypertrophy, matrix production and basement thickening (Song et al.,
2019). In conjunction, fluctuations in blood glucose levels poses a risk for developing
DKD (Yamagishi et al., 2007). The incidence of DKD in patients living with diabetes is
significantly higher for those with glycosylated haemoglobin (HbA1c) levels above 7%
or 53 mmol/mol (Fawwad et al., 2018). The pathways activated during hyperglycaemia
include the generation of advanced glycation end products (AGE), the polyol pathway,
hexosamine pathway and protein kinase C (PKC) activation and are discussed in detail
below.

Anti-hyperglycaemic agents have a role in preventing the development of DKD however
agents such as glucagon-like peptide-1 receptor (GLP-1R) agonists have been shown to
prevent the onset of microalbuminuria independently of glycaemic effects (Rowlands et
al., 2018). They work traditionally through glucose and blood pressure controls, reducing
insulin levels and sensitivity and causing weight loss to delay the progression of DKD.
More importantly, they have been shown to modulate inflammation in the kidneys and
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blood vessels, reduce renal oxidative stress, therefore reducing microalbuminuria (Thomas,
2017). Current evidence shows GLP-1R agonists exerting beneficial renal hemodynamic
effects, however further investigations are required to understand the mechanism behind
this (Rowlands et al., 2018; Thomas, 2017).

Advanced glycation end products (AGEs)
During hyperglycaemia, excess glucose combines with free amino acids on circulating
tissue proteins. AGEs are generated from this process. This is a non-enzymatic process
ultimately affecting the glomerular basement membrane and other matrix components
in the glomerulus (Keri, Samji & Blumenthal, 2018). Through this pathway, it is assumed
that AGEs have the potential to alter the structure and function of the kidneys and
initiate morphological changes typical of DKD (Yamagishi et al., 2007). Levels of AGEs are
considerably higher in T2DM patients compared to those without diabetes (Keri, Samji &
Blumenthal, 2018). Furthermore, patients with ESKD had almost double the amount of
AGEs than those without renal disease, possibly due to impaired clearance of AGEs in renal
failure. This suggests a possible correlation between concentrations of AGEs and the severity
of DKD (Keri, Samji & Blumenthal, 2018). It has been postulated that AGE accumulation
in the kidney may be responsible for the progressive decline in renal function (Bohlender
et al., 2005). A number of AGE-binding proteins have been identified including galectin-3
(Vlassara et al., 1995), known as AGE-R3, OST-48 (AGE-R1), 80K-H (AGE-R2) (Li et al.,
1996), class A and B macrophage scavenger receptors (Horiuchi et al., 1996; Ohgami et al.,
2001) and receptor for AGE (RAGE) (Stern et al., 2002).

Receptor interaction with AGEs are also involved in the development of DKD. RAGE
is a signal transduction receptor that mediates inflammatory reactions caused by AGEs.
Podocytes and mesangial cells in patients with DKD have increased expression of RAGE
(Yuan, Sun & Sun, 2017). In DKD, AGEs bind to RAGE, causing nicotinamide adenine
dinucleotide phosphate (NADPH) oxidase to produce reactive oxygen species (ROS).
Other signalling molecules are then activated, such as PKC, mitogen-activated protein
kinase (MAPK) and nuclear factor-kappa B (NF-κB). This eventually leads to increased
expression of growth factors and cytokines, specifically transforming growth factor-β
(TGF-β), vascular endothelial growth factor (VEGF), connective tissue growth factor
(CTGF), platelet-derived growth factor (PDGF) and monocyte chemoattractant protein-1
(MCP-1), leading to AGEs-induced renal damage (Fukami et al., 2008). In conjunction,
changes in the human kidney such as glomerular hypertrophy, glomerular basement
membrane thickening, expansion of the mesangial matrix and overexpression of CTGF
and NF-κB activation were seen in diabetes-induced mice. These changes were blocked by
the administration of a neutralising antibody to RAGE (Jensen et al., 2006). The AGE-RAGE
interaction induces oxidative stress, causing vascular inflammation and playing a role in
DKD. Oxidative stress increases concentrations of ROS, which encourages inflammation
and fibrosis in kidneys. Increased expression of ROS also increases the synthesis of TGF-β
and CTGF occurring in the mesangial and renal tubulointerstitial cells (Qin et al., 2019).
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Polyol pathway
In this pathway, aldose reductase produces sorbitol from glucose and sorbitol
dehydrogenase oxidises sorbitol into fructose. These enzymes require NADPH and
nicotinamide adenine dinucleotide (NAD+) for the successful conversion of glucose
to fructose. The activity of the polyol pathway increases during states of hyperglycaemia,
which decreases NADPH levels that are responsible for the regeneration of the antioxidant,
glutathione (GSH) (Yan, 2018). In conjunction, imbalances exist between the glycogenesis
and glycolysis pathways when high glucose concentrations are present. This results in a
build-up of sorbitol, however sorbitol cannot easily penetrate the cellular membrane. This
becomes even more difficult to process further once sorbitol is oxidised to fructose.
Therefore, fructose and sorbitol accumulate in cells, altering renal osmolarity and
potentially causing glomerular, tubular and tubulointerstitial injury. Tubulointerstitial
injury also results from uric acid, which is generated from a side-chain reaction from
fructose metabolism. In animal models, it has been demonstrated that blocking fructose
metabolism reduced tubulointerstitial injury by lowering tubular uric acid production
(Bjornstad et al., 2015; Nakagawa et al., 2020).

ROS production in glomerular and tubular cells has the potential to inflict free radical
stress. Free radicals are removed via glutathione, which is reduced via this pathway during
states of hyperglycaemia. Free radicals and ROS accumulate, disturbances in antioxidants
occur exerting damaging effects on kidneys (Yan, 2018). Aldose reductase is the catalyst that
triggers the polyol pathway. Inhibition of aldose reductase is a promising novel discovery
that poses significant therapeutic opportunities for the management of DKD. This can be
achieved by aldose reductase inhibitors, as they reduce sorbitol flux through the polyol
pathway. A recent study investigated the effects of epalrestat on renal blood flow parameters
in early DKD and found improvements in renal arterial blood flow and perfusion, which
play a protective role in DKD (Liu et al., 2020).

Hexosamine pathway
The majority of glucose is metabolised through glycolysis with only 2–5% of glucose
entering the hexosamine pathway. When this pathway is activated, glucose enters the
cell and is metabolised by glycolysis, converting fructose-6-phosphate to glucosamine-6-
phosphate (GlucN-6-P) via glutamine: fructose-6-phosphate-amidotransferase (GFAT).
This is the rate-limiting step. GlucN-6-P undergoes further processing to uridine-5-
diphosphate-N-acetylglucosamine (UDP-GlucNAc). UDP-GlucNAc is the precursor for
all amino sugars involved in the production of glycoproteins, glycolipids, proteoglycans and
glycosaminoglycans. Increased flux of glucose through this pathway has been demonstrated
to be involved in insulin resistance and the production of cytokines, growth factors and
ROS (Schleicher & Weigert, 2000). In cultured mesangial cells that are exposed to high
glucose levels, production of TGF-β1 is increased, leading to renal matrix expansion and
renal scarring. Not only does TGF-β1 stimulate matrix synthesis, it is also responsible
for impaired matrix degradation and therefore involved in tubulointerstital injury and
glomerulosclerosis in T2DM. To confirm the involvement of the hexosamine pathway
in high-glucose induced TGF-β1 synthesis, GFAT activity was blocked in mesangial cells
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(Schleicher & Weigert, 2000). This resulted in reduced levels of glucosaminemetabolites and
TGF-β1 mRNA and ameliorated their subsequent effects on the matrix. GFAT inhibition
did not eliminate glucosamine-induced events however, due to the fact that glucosamine
(GlucN) can bypass the rate-limiting step. Instead, GlucN can be phosphorylated by
hexokinase to produce GlucN-6-P (Schleicher & Weigert, 2000). GFAT has also been
overexpressed in NIH-3T3 fibroblasts to further elucidate the involvement of this pathway
in TGF-β1 production and subsequent renal damage (Schleicher & Weigert, 2000). Upon
overexpression of GFAT, cellular concentrations of UDP-GlucNAc were increased,
indicating an increased flux through this pathway. In conjunction, TGF-β1 mRNA was
also increased (Schleicher & Weigert, 2000). The hexosamine pathway has a role in DKD
through its effect on TGF-β1 synthesis, however this role could be considered minimal
compared to the effects of AGEs and the polyol pathway above, the other factors below
and the fact that only 2–5% of all glucose enters this pathway (Schleicher & Weigert, 2000).

Protein kinase C activation
Hyperglycaemia can lead to the activation of PKC through the formation of diacylglycerol
(DAG) and oxidative stress. This pathway is responsible for the regulation of permeability,
extracellular matrix (ECM), cell growth, cytokine stimulation, leukocyte adhesion and
angiogenesis, which are all atypical in T2DM (King & Das-Evcimen, 2010). It has been
proposed that PKC activation may enhance angiotensin II and vasodilatory prostaglandin
synthesis. Both increase glomerular filtration rate (GFR) and filtration pressure, therefore
increased activitymay result in persistently high glomerular filtration pressure; predisposing
to development of DKD. Extracellular matrix (ECM) accumulation and thickening of the
basement membrane is a hallmark of DKD. PKC expression induces overexpression of
fibrotic growth factors, in particular TGF-β1, which plays a role in ECM accumulation.
Studies have demonstrated a linear relationship between PKC activation and TGF-β1
expression, leading to ECMproduction and the synthesis of type IV collagen and fibronectin
(Yamagishi et al., 2007). In conjunction, capillary permeability is also altered due to PKC
activation. PKCβ1, a PKC isoform, has also been found to increase the permeability to
albumin and other macromolecules in endothelial cells, ultimately altering kidney function
(King & Das-Evcimen, 2010). Thus, the use of PKCβ inhibitors may be an innovative
strategy to improve outcomes in people living with T2DM and DKD. Experimental models
have shown ruboxistaurin, a PKCβ inhibitor, preserves kidney function by reducing
urinary albumin excretion, reducing mesangial expansion and glomerulosclerosis and
normalising tubulointerstitial fibrosis (Ishii et al., 1996; Kelly et al., 2007). These effects
have been observed with ruboxistaurin alone, and in combination with renin-angiotensin
system (RAS) inhibition. The findings from animal models have also been seen in
small-scale clinical trials. Reductions in urinary albumin and stabilization of estimated
glomerular filtration rate (eGFR) and TGF-β was seen after the addition of ruboxistaurin
to angiotensin-converting enzyme (ACE) inhibitor (ACEi) and/or angiotensin receptor
blocker (or antagonist, ARB) therapy in people with T2DM and DKD (Gilbert et al., 2007;
Tuttle et al., 2005).
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Oxidative stress
During periods of high glucose concentrations, the polyol pathway, AGEs, PKC and
hexosamine pathway become major sources of ROS. The relationship between ROS
and DKD has been established and are significant players in the pathogenesis due to
their ability to directly oxidise and damage DNA, carbohydrates, lipids and proteins.
Mesangial, tubular, endothelial and vascular cells are all capable of synthesising ROS
during hyperglycaemia however, dysfunction of vascular endothelial cells is seen in early
DKD (Miranda-Diaz et al., 2016). Damage to podocytes and apoptosis has been identified
from hyperglycaemia-induced ROS synthesis. Podocytes have been found to have a role
in proteinuria and the number of podocytes is reduced in DKD. Structural changes
also occur due to ROS including glomerular basement membrane thickening, mesangial
expansion ultimately resulting in glomerulosclerosis (Sifuentes-Franco et al., 2018). ROS
are usually counterbalanced by antioxidant enzymes (glutathione peroxidase, superoxide
dismutase and catalase) and free radical scavenging systems. During hyperglycaemia, this
balance is tipped in favour of ROS production (Miranda-Diaz et al., 2016). Furthermore,
kidney biopsy specimens found more products of glyco-oxidation and lipoxidation in the
glomerulus andmesangialmatrix in patients with diabetes than those without. These lesions
were far less common in non-diabetic specimens, indicating high-glucose environments
increase the occurrence of oxidative stress and therefore kidney damage (Vasavada &
Agarwal, 2005).

A number of studies have investigated the antioxidant defence mechanisms and shown
that they may be potential targets for therapy. Antioxidant mechanisms include Keap-
Nrf2 (nuclear factor erythroid 2-related factor 2), glutathione peroxidase, superoxide
dismutase, catalase, co-enzyme Q and dietary antioxidants. Clinical trials have investigated
Nrf2 activators and Lipoxin A4 to target Keap-Nrf2 (Chan, Han & Kan, 2001; Yang,
Zheng & Hou, 2019) and glutathione peroxidase-1 (GPx1) mimics to target glutathione
peroxidase (De Haan et al., 2003). Other clinical trials have investigated coenzyme Q10
(Sun et al., 2019), vitamins C (Klein, Juhl & Christiansen, 1995;McAuliffe et al., 1998) and E
(Haghighat et al., 2014; Lonn et al., 2002), zinc (Khan et al., 2013) and magnesium (Farvid
et al., 2005) as antioxidant supplementation in DKD. There appears to be benefits from
oral antioxidant therapy in the reduction of ROS and oxidative stress however, it remains
ambiguous as to which combination and dosage is the most effective.

Hypertension
Blood pressure (BP) control is currently part of the first-line treatment for managing
DKD in T2DM. High blood pressure has significant consequences on the integrity of the
endothelium and plays a role in the development of DKD. Hypertension may be directly
responsible for glomerular sclerosis, due to the increase in intraglomerular pressure. This
leads to proliferation of mesangial cells and then eventually to the thickening of the basal
membrane (Magee et al., 2017). Angiotensin II and endothelin, both peptide hormones are
responsible for vasoconstriction and increased blood pressure. Endothelin-1 (ET-1) also
functions to maintain and regulate renal water and salt homeostasis, however excessive
production of ET-1 promotes proteinuria and tubulointerstitial injury, contributing
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to the development of albuminuria. ET-1 also causes fibrosis, inflammation, nephrin
loss, podocyte injury and oxidative stress (Barton & Sorokin, 2015; Inscho et al., 2005).
Endothelin-receptor antagonists, such as atrasentan, are potentially new therapeutic
options in the management of DKD as they inhibit Janus kinases (JAKs) and signal
transducers and activators of transcription (STATS) or otherwise known as the JAK/STAT
pathway, MAP kinase, Nuclear factor-κB (NF-κB) and other intracellular signalling
(Andress et al., 2012; Egido et al., 2017; Kohan & Pollock, 2013).

ACE converts angiotensin I (Ang I) to angiotensin II (Ang II) and ACE2 converts Ang II
to angiotensin 1-7 (Ang1-7). Ang I and Ang II exert adverse effects in the kidneys through
binding to the type 1 angiotensin receptor (AT1R); binding of Ang II to AT1R is a key
driving factor in the development of DKD (Batlle et al., 2012). The effects of Ang II can
be counteracted by signalling through the angiotensin II type 2 receptor (AT2R). It forms
the ‘‘protective branch’’ of the RAS together with ACE2/Ang 1-7/mas receptor axis (Batlle
et al., 2012; Ferrario & Varagic, 2010). Ang II is responsible for the adrenal gland releasing
aldosterone, and aldosterone may further increase the risk of DKD through activation
of mineralocorticoid receptors (MR) (Rossi et al., 2006). In addition, it has been found
that ACE2 expression is decreased in proximal tubules, with ACE2 deficiency resulting in
worsening of DKD. Notably, overexpression of ACE2 attenuates DKD (Soler et al., 2007;
Tikellis et al., 2008). ACE, ACE2, Ang II and Ang 1-7 contribute to the development of
DKD and could therefore potentially become targets in the management of DKD.

As mentioned previously, aldosterone and MR may also play key roles in the
pathophysiology of DKD. MR are found throughout the body, but are strongly expressed
in the kidneys, specifically in endothelial cells, glomerular mesangial cells, proximal
tubular cells and podocytes (Nishimoto & Fujita, 2015; Nishiyama et al., 2005; Shibata,
Ishizawa & Uchida, 2017). Aldosterone functions to maintain body fluid homeostasis
however it may be a target for improving outcomes in people with DKD (Rossi et al.,
2006; Sechi et al., 2006). MR activation causes a number of systemic changes such as
hypertension, insulin resistance and local renal injury. Aldosterone-induced cell injury has
been prevented through MR inhibition (Narayan & Webb, 2016; Sato, Saruta & Funder,
2006). RAS inhibition is a method for reducing inappropriately high plasma aldosterone
levels however long-term treatment results in ‘‘aldosterone breakthrough’’ in some patients
(Sato & Saruta, 2003). This phenomenon involves plasma aldosterone levels returning to
pre-treatment levels. Aldosterone breakthrough attenuates the reno-protective effects of
RAS inhibitors, leading to renal injury. The addition of MR antagonists or aldosterone
antagonists to current therapy may be a novel treatment for DKD. The addition of MR
antagonists has reduced albuminuria in people with T2DM and kidney disease and people
with non-diabetic chronic kidney disease (CKD) (Mehdi et al., 2009; Vukadinovic et al.,
2017). Unfortunately, prescribing either spironolactone or eplerenone should be done with
caution and close monitoring is required in patients with CKD, due to the high risk of
developing hyperkalaemia. Non-steroidal MR antagonists are currently being evaluated
for use in DKD (Eschalier et al., 2013).

Although a full discussion of the renoprotective benefits of various therapies is outside the
scope of this paper, administrationwith anACEi or ARB has been proven to preserve kidney
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function (Blomster et al., 2016); this implies glomerular hypertension and hyperfiltration
playing a role in the development of DKD. The effects of angiotensin II are antagonised by
blockade of the renin-angiotensin-aldosterone system, therefore reducing its stimulation
on TGF-β1. It has also been found that administration of an ACE inhibitor lowered serum
concentrations of TGF-β1. A lower TGF-β1 concentration in the serum and urine has been
correlated to renoprotection, which has been determined by changes in the glomerular
filtration rate over time (Dronavalli, Duka & Bakris, 2008).

Previous studies have identified that a systolic BP (SBP) >140 mmHg significantly
increases the risk of poor kidney outcomes. The risk was considerably greater in SBP of
151–160 mmHg than those of 131–140 mmHg (Pohl et al., 2005) and current American
Diabetes Association guidelines recommend SBP <140 mmHg and diastolic BP (DBP)
<90mmHg in most people living with diabetes. For those at high risk of cardiovascular
disease, targets of 130/80mmHG may be more appropriate (American Diabetes, 2018).
Recent studies have demonstrated the beneficial effect a lower BP on the kidneys in people
with diabetes. For every 10 mmHg increase in the average systolic BP, the risk for further
decline in the eGFR, developing ESKD or death, increased by 22%. Findings regarding
the benefits of reductions in DBP are conflicting (Alwakeel et al., 2011; Leehey et al., 2015).
This may be due to T2DM patients suffering with isolated systolic hypertension. While the
use of ACEis and ARBs in delaying the progression of DKD in hypertensive T2DM patients
is well established, the use of these agents in normotensive patients remains controversial.
A recent meta-analysis investigated the efficacy and safety of these therapeutic agents
in normotensive patients with DKD and found they significantly reduced albuminuria
independent of changes to blood pressure (He et al., 2020). There were no significant
differences in adverse effect profiles of the treatments (hyperkalaemia and hypotension)
and response to treatment was superior in normotensive people living with T2DM than
in normotensive patients with DKD (He et al., 2020). Conclusively, BP management does
affect the development and progression of DKD and effective management is crucial in
improving prognosis (McGrath & Edi, 2019).

Dyslipidaemia and lipid mediators
The conversion of fatty acids to triglycerides in the liver is stimulated by insulin. It is
therefore expected that insulin resistance would play a profound effect on lipid levels,
profiles and fatty-acid composition. Dyslipidaemia has been associated with a greater
risk for the development of DKD. This is supported through research that found the risk
for DKD to be greater in patients with high levels of cholesterol, low-density lipoproteins
(LDL) and triglycerides (Srivastava et al., 2014). Characteristics of dyslipidaemia in diabetes
involve elevations of remnant lipoproteins, including very low-density lipoprotein (VLDL)
and intermediate density lipoprotein (IDL), and a number of therapies are available
to manage dyslipidaemia in people living with T2DM and DKD (Jenkins et al., 2003).
Fenofibrate has been found to effectively reduce urine albumin excretion (UAE) and lower
the decline in eGFR in people living with T2DM (Davis et al., 2011). A trial conducted by
Elajami et al. explored the effects of eicosapentaenoic and docosahexaenoic acids (EPA
and DHA, respectively) on albuminuria in patients with T2DM. Supplementation of 1.86
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grams of EPA and 1.5 grams of DHA decreased the progression of albuminuria in people
with T2DM, with the majority of patients also on RAS inhibition (Elajami et al., 2017).
Supplementation with EPA and DHA may be beneficial in the management of DKD,
however further investigations are necessary.

There is conflicting evidence surrounding the use of statins to treat dyslipidaemia in
DKD, with some studies showing a benefit (Colhoun et al., 2009) and others not (Baigent
et al., 2011), however people living with T2DM are at a higher risk for cardiovascular
mortality. There is sufficient evidence illustrating the benefits of statins in reducing the risk
of cardiovascular events (Baigent et al., 2011) therefore guidelines recommend the routine
use of statins in people with T2DM and high cardiovascular risk, regardless of the presence
or absence of DKD.

Animal studies have investigated the effects of small lipids derived from arachidonic
acid in the pathogenesis of DKD. Arachidonic acid is metabolised into prostanoids via
cyclo-oxygenase 2 (COX-2). Diabetes-induced rats were found to have increased levels
of prostaglandins E2 and I2 (Komers et al., 2005) and COX-2 expression was found to
be increased in diabetic animals and in diabetic human kidneys (Khan et al., 2001). In
conjunction, lipoxygenases oxidise arachidonic acid and there is some evidence suggesting
that these end-products may contribute to the development of DKD. Concentrations of
lipoxygenase 12 and 15 was increased in diabetic animals and their expression in cultured
mesangial cells was also elevated in the presence of high glucose levels. Furthermore,
these pathways facilitate mesangial cell hypertrophy, which is mediated by TGF-β1 and
angiotensin II (Hao & Breyer, 2007). Further investigations on the effects of prostanoids
and lipid mediators in the development of DKD is needed before further conclusions can
be made.

Hemodynamic pathways and cytokines
Stimulation of the renin-angiotensin-aldosterone and endothelin systems, increases
the secretion of TGF-β1 and other cytokines, ultimately resulting in increased
systemic and intraglomerular pressure (Navarro-Gonzalez et al., 2011). The afferent
and efferent arterioles in the glomerulus are affected first in glomerular hyperperfusion
and hyperfiltration. Hyperfiltration results from the complex interplay of numerous
mechanisms and mediators, with a prominent role for hyperglycaemia, distorted insulin
levels and angiogenesis (Cachat et al., 2015). These play a role in part in the pathogenesis of
hyperfiltration-induced renal damage (Cachat et al., 2015). There is a decreased resistance
which may be due to prostanoids, nitric oxide (NO), angiotensin II, TGF-β1 and
vascular endothelial growth factor (VEGF). These changes allow for albumin leakage,
overproduction of mesangial cell matrix, glomerular basement thickening and podocyte
injury. Renal hemodynamic changes may increase mechanical strain and induce the release
of cytokines and growth factors in the local area (Ziyadeh & Wolf, 2008). Studies have
suggested that activation of cytokines, inflammation and VEGF may be involved in the
development of DKD, although results are inconclusive regarding the role of VEGF. VEGF
expression is mediated by hyperglycaemia, TGF-β1 and angiotensin II, therefore leading
to the production of endothelial NO. The result is vasodilation and hyperfiltration as
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seen in the beginning stages of DKD (Cao & Cooper, 2011). VEGF is also the primary and
most potent mediator of abnormal angiogenesis in the glomerulus and may be a target
for future therapies. VEGF-A is part of the VEGF family and is significantly involved
in the physiological and pathological angiogenesis. Studies have found increased levels of
VEGF-A in the urine and plasma of patients with DKD and a correlation between increased
circulating VEGF-A levels and glycaemic control, C-reactive protein and albuminuria (Kim
et al., 2005). This may mean VEGF-A has a role as a biomarker of inflammation and DKD
in diabetes (Hanefeld et al., 2016). However, despite the promising results from anti-VEGF
antibody studies conducted in animal models (DeVriese et al. 2001; Flyvbjerg et al., 2002),
there is concern for its use in humans. Recent clinical findings have shown that the
suppression of VEGF-A to subnormal levels results in proteinuria, hypertension and renal
thrombotic microangiopathy (Feliu et al., 2015; Lafayette et al., 2014). Other potential
anti-angiogenic therapies that may be favourable candidates for DKD treatment include
endostatin and vasohibin-1 (VASH1). In the diabetic glomeruli, endostatin is likely to
suppress the angiogenic response without the excessive VEGF-A inhibition that ultimately
leads to proteinuria and renal dysfunction (Carlsson et al., 2016). Comparably, VASH1
exerts both antiangiogenic and endothelial protective effects, thus, has the potential to be
a favourable candidate for antiangiogenic therapy (Watatani et al., 2014).

The expression of TGF-β1 is also increased with high blood glucose levels. In a
study involving diabetes-induced rats, TGF-β1 levels in the glomeruli were increased.
Administering a neutralizing antibody to TGF-β1 averted renal changes in these animals
(Benigni et al., 2003). In conjunction, successful normalisation of urine protein levels of rats
occurred. The combination of anACE inhibitor plus an antibody to TGF-β1was superior in
normalising urine protein levels than the ACE inhibitor alone (Benigni et al., 2003). CTGF
mediates the effects of TGF-β in conjunction with direct profibrotic activity. It has been
found that mesangial matrix expansion was reduced in the diabetic murine models with
down-regulation of CTGF expression (Guha et al., 2007). TGF- β signalling is inhibited
through inhibitory Smads (I-Smads) through type I receptors, specifically Smad7 and by
competing with receptor-regulated Smads (R-Smads) for receptor activation (Miyazawa
& Miyazono, 2017).

The innate immune system has been found to be involved in the inflammation
process through toll-like receptors (TLRs), nucleotide-binding oligomerisation domain-
like receptors (NLRs) and inflammasome (Leemans et al., 2014). These are found in
monocytes, macrophages and dendritic cells as well as endothelial cells and fibroblasts.
Coincidently, most of these receptors are expressed in renal tissue. TLRs are responsible
for increasing the expression of pro-inflammatory cytokines with the help of NLRP3 and
NALP3 inflammasome, to convert interleukin 1 (IL-1) and IL-18 to their biologically
active forms (Kurts et al., 2013; Leemans et al., 2014). IL-1, IL-6, IL-18 and tumour necrosis
factor-α (TNF-α) have all been identified as inflammatory cytokines contributing to the
development and progression of DKD. These inflammatory cytokines have been found
in higher concentrations systemically and in the urine of patients, establishing a positive
correlation with the progression of this complication (Liu et al., 2015b). They work via
several different mechanisms to facilitate this complication. IL-1 affects mesangial cell
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prostaglandin synthesis by altering intraglomerular hemodynamics. It also changes the
expression of chemotactic factors and adhesionmolecules. IL-6 has been associated with the
development of glomerular basement membrane thickening whereas IL-18 is responsible
for the synthesis of other inflammatory cytokines (IL-1, interferon γ and TNF-α) and
may also potentiate endothelial cell apoptosis. TNF-α is a cytotoxin, responsible for direct
kidney damage. It also has a role in early hypertrophy and hyperfunction in DKD as well
as affecting apoptosis and endothelial permeability (Liu et al., 2015b).

Adhesion molecules such as intercellular adhesion molecule-1 (ICAM-1) has been
associated with the development of DKD. ICAM-1 levels in the kidneys are elevated in
DKD and have been associated with renal damage. ICAM-1 is present in endothelial cell
and leukocytes, and their expression is increased upon cytokine stimulation. It has been
suggested that modulating ICAM-1 may be an innovative approach to DKD management
(Luis-Rodriguez et al., 2012).

Another adhesion molecule, VCAM-1, has also been identified as a potential factor in
the development of DKD. VCAM-1 is responsible for adhesion of lymphocytes, monocytes,
eosinophils and basophils to vascular endothelium. It has been suggested that VCAM-1 is
involved in the development of several process such as rheumatoid arthritis, atherosclerosis
and DKD. It has been shown that VCAM-1 concentrations are increased in patients with
DKD, however further investigations are required to fully understand its role (Luis-
Rodriguez et al., 2012).

Endothelial dysfunction
The development and progression of DKD is also driven by endothelial dysfunction and
diminished nitric oxide (NO) bioavailability. Endothelial cells (ECs) are responsible for
many physiological functions, including mediation of innate and adaptive immunity, cell
proliferation, permeability and homeostasis (Calles-Escandon & Cipolla, 2001). Disruption
to endothelial function may therefore promote the progression of DKD. It has been found
that endothelial dysfunction is exacerbated by obesity, hyperglycaemia, insulin resistance,
microalbuminuria, hypertension, dyslipidaemia and inflammation (Calles-Escandon &
Cipolla, 2001). Chemical mediators such as NO and endothelial nitric oxide synthase
(eNOS) also play an important role in endothelial dysfunction, with increasing evidence
of eNOS and NO dysfunction in DKD (Cheng et al., 2012; Komers & Anderson, 2003; Zhou
et al., 2019). Hyperglycaemia impairs NO production and bioavailability in renal ECs,
resulting in increased oxidative stress, promoting endothelial dysfunction and injury
(Alpert et al., 2005). Consequently, the injured ECs may act as active signal transducers of
inflammatory (IL-1, TNF-α), metabolic and hemodynamic factors (TGF-β) that modify
the morphology and function of the vessel walls, potentially activating proliferative and
inflammatory responses in DKD (Monteiro et al., 2020; Nakagawa et al., 2004). There are
studies evaluating the potential for regenerative medicine as a strategy for EC regenerative
therapy in DKD, however further research is required to determine the efficacy and safety
in humans (Bassi et al., 2012; Ikarashi et al., 2005).
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Mitochondrial dysfunction
Second to the heart, the kidney is considered to contain the greatest density ofmitochondria
permass of tissue so that it can efficiently function andmaintain homeostasis of electrolytes,
water and other compounds (Parikh et al., 2015; Rosca et al., 2008). The proximal tubule
cells and thick ascending limb (TAL) cells of the loop of Henle require large amounts of
adenosine triphosphate (ATP) to retain water, sodium and electrolytes and for pumping
sodium, potassium and chloride into the renal interstitium, respectfully. Hence, kidney
function deteriorates if there is loss of mitochondrial function (Parikh et al., 2015). Since
glucose oxidation involves the mitochondrial tricarboxylic acid cycle (TCA) cycle and
oxidative phosphorylation, mitochondrial function may be the key to understanding
T2DM and its associated complications (Sharma, 2017). People with T2DM and DKD
have been shown to have reductions in mitochondrial DNA (mtDNA) content in urine
exosomes, which are obtained from podocytes and tubular epithelial cells. It has been
suggested that reductions in urine exosome mtDNA may reflect reductions in renal
epithelial mitochondrial content (Sharma et al., 2013).

Mitochondrial function is influenced by the 5′-adenosine monophosphate (AMP)-
activated protein kinase (AMPK) pathway as it is responsible for maintaining cellular
energy homeostasis. Activation of AMPK improves glucose entry into cells, reduces protein
synthesis and stimulates PGC1a and mitochondrial biogenesis, therefore improving energy
efficiency (Jeon, 2016). AMPK is regulated by the AMP/ATP ratio and is activated under
low levels of ATP. Examinations of the diabetic kidney have shown a correlation between
elevated ATP/AMP ratio and reduced AMPK. Notably, type 2 DKD and diet-induced
obesity models found AMPK reductions. AMPK activation has been shown to have
beneficial effects on kidney outcomes, specifically reducing albuminuria as well as reducing
NADPH oxidase, an enzyme responsible for the production of ROS in the kidney. A recent
study found CoQ10 had beneficial effects on mtROS in animal models (Dugan et al., 2013).

Podocytes
Podocytes line the external surface of the glomerular basement membrane and form a
meshwork known as a slit diaphragm (SD), which provides a barrier to prevent urinary
protein loss. Podocytes are also involved in forming the filtration barrier, therefore podocyte
injury, which leads to loss of adhesion, may be involved in the pathogenesis of DKD (Greka
& Mundel, 2012; Mundel & Kriz, 1995; Mundel & Shankland, 2002). These processes may
be catalysed by hyperglycaemia-induced production of ROS, which is responsible for
podocyte apoptosis, glomerular hypertrophy and subsequent sclerosis. In conjunction,
podocyte loss is shown to be interrelated with eNOS deficiency (Susztak et al., 2006).
Branching from this, poorly controlled T2DM causes increased concentrations of growth
hormone (GH), which are implicated in kidney hypertrophy and proteinuria during early
DKD (Landau et al., 2003). A number of studies have demonstrated that loss of podocytes
and podocyte injury has significant effects on renal outcomes. A reduction in podocytes
of up to 20% r caused proliferation of the mesangial cells. Further reductions resulted
in glomerular fibrosis and increased proteinuria (Wharram et al., 2005). Notably, it was
found that podocyte density correlates to albuminuria (Dalla Vestra et al., 2003). Podocytes
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contain foot processes (FPs) that wrap around capillaries and leaves slits for filtration.
Results from renal biopsies revealed widening of FPs coupled with reduced podocytes.
Furthermore, podocytes have been found in the urine of patients with glomerulopathies
and the magnitude of podocyte excretion correlates to DKD activity (Merscher & Fornoni,
2014; Yamaguchi et al., 2009).

One of the canonical Wnt signalling pathways, Wnt/β-catenin signalling, plays a role
in podocyte dysfunction and proteinuria and is activated in a number of proteinuria
kidney diseases (Liu et al., 2015a; Yang et al., 2015). A number of studies have shown
activation of Wnt/β-catenin causes fibrosis in the kidney (Buelli et al., 2014; Liu et al.,
2016; Lymperopoulos, 2012). Increases in β-catenin, a transcriptional regulator essential
for kidney development, correlates to activation of Wnt/β-catenin signalling (Zhang et
al., 2016). β-arrestins are involved in inhibiting G protein-coupled receptors and there is
evidence that they participate in the development of DKD (Venkatakrishnan et al., 2016).
A study found that β-arrestins were upregulated in podocytes subjected to high glucose
and that β-arrestin 1/2 promoted podocyte apoptosis. In conjunction with this, β-catenin
expression was increased in the β-arrestin 1/2 up-regulated group (Wang, Li & Song, 2018).
It should be noted that inhibition of the Wnt/β-catenin pathway ameliorated apoptosis.
From this study we can conclude that β-arrestin 1/2 has a role in podocyte apoptosis
through the Wnt/β-catenin signalling pathway (Wang, Li & Song, 2018).

Genetic susceptibility
The incidence and severity of DKD appears to be affected by the genetic makeup of
individuals (Skrunes et al., 2014). Both environmental and genetic factors play a critical
role in the development of diabetes, so these factors may also play a role in diabetes-related
microvascular complications. The complexity of the genome involvement in DKD makes
a complete discussion difficult within the scope of this paper. In summary, a combination
of candidate gene investigations, linkage studies and genome-wide association studies
(GWAS) has allowed us to understand the mediating role of the genome in DKD. DKD
and ESKD cluster in families and the prevalence varies between ethnic groups (Skrunes
et al., 2014). A single nucleotide polymorphism (SNP) has been associated with DKD.
On chromosome 7q21-q22 in the promoter region of the erythropoietin (EPO) gene,
the functional SNP rs1617640 has been associated with ESKD in a number of diabetic
populations. EPO was found to increase the rate of kidney damage and the T allele of
rs1617640 has been described as a ‘risk factor’ for DKD (odds ratio, 1.5) (Nazir et al.,
2014). The engulfment and cell motility 1 (ELMO1) gene, located on chromosome 7p14.1,
has a functional role in phagocytosis and cellular motility. Overexpression of ELMO1 may
result in the progression of glomerulosclerosis and occurred in cultured cells present in a
high glucose environment. It has been associated in a number of populations with DKD
(Nazir et al., 2014). EMLO1 overexpression increases the expression of TGF-β1, resulting
in the ROS formation and therefore DKD (odds ratio, 2.7) (Hathaway et al., 2016).

A variety of studies have identified mutations to the ACE gene contributes to
the development and progression of DKD. It has been found that insertion/deletion
polymorphism of ACE is common among patients and that deletion of the rs179975

Woodhams et al. (2021), PeerJ, DOI 10.7717/peerj.11070 14/35

https://peerj.com
http://www.ncbi.nlm.nih.gov/snp/?term=rs1617640
http://www.ncbi.nlm.nih.gov/snp/?term=rs1617640
http://dx.doi.org/10.7717/peerj.11070


polymorphism of ACE gene was associated with DKD in people with diabetes. The
dysfunctional ACE gene is responsible for increases in aldosterone, causing toxicity and
fibrosis of blood vessels (Vikram Rao et al., 2019).

Another gene that may be implicated in the development of DKD is the FRMD3 gene.
This gene is expressed in proximal renal tubular cells and human podocytes and may
be involved in maintaining the integrity and function of the slit diaphragm (Mueller
et al., 2006; Pezzolesi et al., 2013). It has been demonstrated that the rs1888747 SNP is
associated with DKD and is an intergenic polymorphism residing near the promoter
region of the FRMD3 gene (Palmer & Freedman, 2013). Changes in FRMD3 expression
has been associated with DKD progression and the effect of these changes in present prior
to advanced stages of DKD, such as in microalbuminuria (Martini et al., 2013). A number
of other genes have been identified from T2DM studies and include WFS1 (odds ratio,
1.04), FTO (odds ratio, 1.11), TCF7L2 (odds ratio, 1.00) and KCNJ11 (odds ratio, 1.14)
(Franceschini et al., 2012; Yang et al., 2012). A comprehensive discussion of these genes is
beyond the scope of this paper.

Other modifiable and non-modifiable risk factors
A modifiable risk factor that may play a role in the development of DKD is obesity
and becoming overweight. A variety of studies have identified patients with T2DM that
were either overweight or obese, were at a greater risk for the development of DKD
and ESKD (Al-Rubeaan et al., 2014). There are two classes of obesity; generalised obesity
measured through body mass index (BMI) and abdominal obesity, assessed using either
waist circumference and/or waist-to-hip/height ratio (Nguyen et al., 2011). Obesity is an
established risk factor for the development of T2DMand hypertension, which is a risk factor
for DKD however it remains uncertain which contributes more to the risk of DKD due
to their close inter-relationship (Nguyen et al., 2011; Vazquez et al., 2007). A meta-analysis
found a higher BMIwas independently associated with a greater chance of developingDKD,
and that both generalised and abdominal obesity are risk factors in the pathophysiology of
DKD, independent of their roles in hypertension and T2DM (Brown et al., 2000; Jabbar et
al., 1997). This risk factor is preventable and it is recommended that lifestyle modifications
are part of diabetes management. Smoking is another modifiable risk factor with some
studies demonstrating a higher odds ratio and relative risk in developing DKD (Yang et
al., 2011) than others (Al-Rubeaan et al., 2014), which may potentially be due to a lower
smoking prevalence in those population groups.

It has been documented that the likelihood of developing DKD increases with the
duration of diabetes (Al-Rubeaan et al., 2014). It has been found that people living
with diabetes for more than 10 years have a significantly higher prevalence of DKD
than those living with diabetes for only 5-10 years (Wu, Chen & Chen, 2014). Some
studies have identified diabetes duration to be one of the most important risk factors
for developing DKD, especially if the duration ≥15 years (Al-Rubeaan et al., 2014). This
has been demonstrated by the United Kingdom Prospective Diabetes Study (UKPDS),
whereby microalbuminuria or worsening DKD developed in approximately one quarter of
patients after 10 years (Adler et al., 2003). There have been reports of a cumulative effect
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between diabetes duration and age on the prevalence of DKD. The prevalence is increased
by approximately 5 times in patients suffering with diabetes for longer than 15 years.
This establishes a correlation between diabetes duration and age (Al-Rubeaan et al., 2014).
Advancing age comes with other issues as body processes are conducted less efficiently. It
has been found that an increasing age is associated with a faster decline in GFR. Despite
this, older patients had a lower cumulative incidence of renal failure. The high prevalence
of ESKD may be explained by the higher prevalence of chronic kidney disease (CKD) in
these aging groups (Eriksen & Ingebretsen, 2006).

Male gender appears to have a negative effect on renal outcomes and this has been a
matter of debate (Eriksen & Ingebretsen, 2006). It has been reported that men have a greater
decline in GFR than women and also a higher prevalence of DKD (Al-Rubeaan et al.,
2014). Despite these findings, the topic remains controversial due to the number of studies
reporting diabetic women with DKD progressing at a faster rate than men or similar rates
of progression between both sexes. It has been found that the incidence and progression
of renal disease in premenopausal non-diabetic women was considerably lower than
non-diabetic age-matched men. This relationship was not apparent in postmenopausal
women. This may be due to low levels of the female sex hormone however strong evidence
is lacking and it is not a major consideration clinically (Maric & Sullivan, 2008).

Other factors and clinical implications
New factors are being postulated to have roles in DKD, however firm evidence is lacking
and further investigation is required. These factors are potentially important to advance
understanding and possibly for development of new treatments for DKD. Some of these
factors are discussed below.

Heart rate
Heart rate (HR) is an under-explored contributor to the pathogenesis of DKD. A
higher resting HR has been associated with an increased prevalence and severity of
microalbuminuria, irrespective of beta blocker treatment and irrespective of whether
a patient history of atrial fibrillation is present (Bohm et al., 2009). The Atherosclerosis
Risk in Communities (ARIC) Study identified an increased HR as a predictor of renal
dysfunction. The study concluded resting heart rates in the upper quarter would increase
the risk of developing ESKD by 2-fold (Brotman et al., 2010). Similarly, a Japanese health
screening program found a higher HR in participants was associated with an increased
risk of declining eGFR and of developing dipstick proteinuria (≥1) (Inoue et al., 2009).
The mechanism by which HR might promote microalbuminuria is possibly due to an
increased exposure of the glomerulus to arterial pressure waves. An increased HR has
several direct cardiovascular consequences including unfavourable effects on endothelial
function and proatherosclerotic activity, which are fundamental factors in the pathogenesis
and progression of DKD (Hillis et al., 2012). However, the relationship is complicated by
the fact that obesity, hypertension, reduced physical activity and a proatherosclerotic lipid
profile are all associated with a higher HR, while also independently increasing the risk
of developing DKD. These are targets for intervention to improve outcomes in patients
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living with T2DM (Palatini, 2009). The relationship between HR and microvascular
complications such as DKD, may be mediated at least in part by sympathetic overactivity
and can be a target for intervention to improve outcomes in patients living with diabetes
(Hillis et al., 2012).

Nephrin
Nephrin is a protein essential for the integrity of the intact filtration barrier. It is found in
podocytes, which preserve the dynamic functional barrier. It has been hypothesised that
nephrin may have a role in DKD, due to the reduced renal nephrin expression in patients
with DKD compared to those without diabetes. Nephrin excretion is also increased by
17–30% in people with diabetes compared to those without, irrespective of whether
albuminuria is present. Excretion of nephrin may therefore be an early finding of podocyte
injury, prior to the development of albuminuria (Fiseha, 2015). Furthermore, nephrin
expression was maintained in people with T2DM treated with ACE inhibitors, compared
to untreated controls (Wolf, Chen & Ziyadeh, 2005), although more research is required to
confirm the clinical importance of this finding.

Adipocytokines
Adiponectin is a protein hormone involved in regulating glucose levels and fatty acid
breakdown and circulates as trimeric, hexameric and higher order complexes in plasma
(Ceddia et al., 2005). It has been inversely correlated with insulin resistance and BMI.
Experimental studies have illustrated that insulin sensitivity is improved with adiponectin
through glucose utilization in the liver and skeletalmuscles. This enables glucose uptake and
prevents gluconeogenesis in the liver (Ceddia et al., 2005). In conjunction, inflammatory
changes mediated through TNF-α are suppressed when adiponectin levels are high. Local
adiponectin accumulation has been shown to prevent glomerular and tubulointerstitial
injury through mediating inflammation and oxidative stress, while gene variations have
also been associated with plasma isoforms and the risk of DKD (Ohashi et al., 2007).

Leptin is a hormone produced by adipose cells and has a primary role in energy uptake
and expenditure in addition to potential inflammatory effects. It also has a role in body
fat, obesity and weight regulation, which are major risk factors for the development of
T2DM. Leptin acts upon transmembrane receptors, known as OB-R, that are structurally
similar to the cytokine receptors, leading to activation of the JAK/STAT pathway (Hegyi
et al., 2004; Sahu, 2003). There are four receptor-associated JAKs, JAK1, 2, 3 and tyrosine
kinase 2 (Tyk2), and seven STAT proteins (STAT 1, 2, 3, 4, 5a, 5b and 6) (Stark & Darnell
Jr, 2012). The binding of leptin to its receptor initiates the phosphorylation of JAK2, and
subsequently phosphorylation and dimerization of STAT 3. STAT 3 induces transcription
of the gene encoding proopiomelanocortin (POMC), whilst inhibiting expression of
Agouti-related peptide (Ag RP) and neuropeptide Y (NPY). Whilst POMC and AgRP/NPY
peptides possess opposite functions, they are critical for promoting changes in satiety
in the neuronal pathways of the hypothalamus. In conjunction, STAT 3 stimulates the
expression of SOCS (suppressor of cytokine signalling proteins), a feedback inhibitor of
the leptin signalling pathway (Myers Jr et al., 2010; Zhang, Dodd & Tiganis, 2015). It has
been reported that leptin plasma concentrations are increased in T2DM patients with
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micro- or macro-albuminuria, as well as in obese individuals. Hyperleptinaemia and
leptin resistance is responsible for reduced effects of leptin as a satiety hormone and are
implicated in suppressed insulin secretion in β-cells (Muniyappa et al., 2014; Myers Jr et
al., 2010). Increases in leptin stimulation has been shown to increase ROS production,
producing a linear relationship between the two and also stimulates TGF-β1 production
(Fruehwald-Schultes et al., 1999). In normal rat populations, infusion of leptin was found
to promote glomerulosclerosis and proteinuria, however studies in humans is lacking
(Fruehwald-Schultes et al., 1999).

Mechanisms currently targeted therapeutically
Currently there are a few of these mechanisms that are targeted therapeutically for the
management of DKD and include hyperglycaemia, hypertension and some modifiable
risk factors. Hyperglycaemia is currently managed with an array of medications such as
sulfonylureas, thiazolidinediones, dipeptidyl peptidase-4 inhibitors, GLP-1 analogues,
metformin and SGLT2 inhibitors (Keri, Samji & Blumenthal, 2018). In conjunction,
antihypertensive medications have a role in reducing the development and progression
of DKD, specifically ACE inhibitors and ARBs (American Diabetes, 2018). Targeting
modifiable risk factors such as weight, obesity and smoking has beneficial effects on the
prognosis of DKD (Al-Rubeaan et al., 2014). There is the potential for other factors to be
targeted therapeutically such as heart rate however further investigations are required.
Selonsertib, an apoptosis signal-regulating kinase 1 (ASK1) inhibitor, is currently been
used in phase II clinical trials for the management of DKD (Lin et al., 2015). ASK1 is
associated with apoptosis of podocytes, mesangial cells and tubular epithelial cells. It
is also involved with inflammation and fibrosis of the kidney; hence it is believed that
inhibition of ASK1 may reduce the pathological process which contributes to kidney injury
(Gao et al., 2014). Other potential mechanisms are currently under investigation, with
some ongoing studies exploring the efficacy of pentoxifylline (NCT03625648), colchicine
(NCT02442921) and magnesium supplementation (NCT03824379). Pentoxifylline, a
methylxanthine phosphodiesterase inhibitor, may protect the kidneys from damage
resulting from T2DM and other chronic diseases (Shan et al., 2012). The ongoing clinical
trial investigating pentoxifylline (NCT03625648) will determine if pentoxifylline can
prevent worsening of diabetic kidney disease. In addition to pain relief in acute gout,
colchicine has also been used to treat and reverse albuminuria in familial Mediterranean
fever nephropathy (auto-inflammatory) disease (Oner et al., 2003;Zemer et al., 1986). It has
successfully reduced proteinuria and inflammation in experimental-diabetic animalmodels
and has the potential to be part of the management strategy in DKD (Milner et al., 1987).
A current trial (NCT02442921) will assess if colchicine reduces proteinuria, in conjunction
to RAS inhibition and tight glycaemic control. Magnesium supplementation through
the administration of magnesium citrate is also under investigation for the treatment
and management of DKD (NCT03824379). This is in response to hypomagnesemia
and worsening kidney outcomes. Serum magnesium levels were significantly inversely
correlated to UACR (Xu et al., 2013). Magnesium supplementation may also improve
insulin resistance index (Morais et al., 2017), lipid profile and kidney function (Sadeghian
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et al., 2020). There are other ongoing trials investigating new agents for DKD, and include
investigations into fexofenadine (NCT04224428), niclosamide (NCT04317430) and
CSL346 (VEGF-B antagonist monoclonal antibody, NCT04419467).

CONCLUSIONS
The development and progression of DKD is a result of the complex interplay between
environmental, lifestyle and genetic factors, that impact the structure and function
of the kidneys, impair normal physiological processes and increase concentrations of
damaging cytokines. This understanding of diabetes and DKD as a multifactorial disease
has the potential to change the way we think and manage such complications. A greater
understanding of the disease among clinicians and researchers permits innovative research
into potential therapies that will produce significant clinical benefits to people living with
diabetes and reduce its economic burden.

ADDITIONAL INFORMATION AND DECLARATIONS

Funding
The authors received no funding for this work.

Competing Interests
The authors declare there are no competing interests.

Author Contributions
• LouiseWoodhams conceived and designed the experiments, performed the experiments,
analyzed the data, prepared figures and/or tables, authored or reviewed drafts of the
paper, and approved the final draft.
• Tin Fei Sim andLeanneChalmers,Daniel Green conceived anddesigned the experiments,
analyzed the data, prepared figures and/or tables, authored or reviewed drafts of the
paper, and approved the final draft.
• Bu Yeap conceived and designed the experiments, analyzed the data, authored or
reviewed drafts of the paper, and approved the final draft.
• Markus Schlaich, Carl Schultz andGrahamHillis analyzed the data, authored or reviewed
drafts of the paper, and approved the final draft.

Data Availability
The following information was supplied regarding data availability:

This is a literature review summarising the findings from other studies. References to
the studies with raw data are cited.

REFERENCES
Adler AI, Stevens RJ, Manley SE, Bilous RW, Cull CA, Holman RR, Ukpds G. 2003.

Development and progression of nephropathy in type 2 diabetes: the United

Woodhams et al. (2021), PeerJ, DOI 10.7717/peerj.11070 19/35

https://peerj.com
https://www.ncbi.nlm.nih.gov/nucleotide?term=NCT04224428
https://www.ncbi.nlm.nih.gov/nucleotide?term=NCT04317430
https://www.ncbi.nlm.nih.gov/nucleotide?term=NCT04419467
http://dx.doi.org/10.7717/peerj.11070


Kingdom Prospective Diabetes Study (UKPDS 64). Kidney International 63:225–232
DOI 10.1046/j.1523-1755.2003.00712.x.

Al-Rubeaan K, Youssef AM, Subhani SN, Ahmad NA, Al-Sharqawi AH, Al-Mutlaq HM,
David SK, AlNaqeb D. 2014. Diabetic nephropathy and its risk factors in a society
with a type 2 diabetes epidemic: a Saudi National Diabetes Registry-based study.
PLOS ONE 9:e88956 DOI 10.1371/journal.pone.0088956.

Alpert E, Gruzman A, Riahi Y, Blejter R, Aharoni P, Weisinger G, Eckel J, Kaiser N,
Sasson S. 2005. Delayed autoregulation of glucose transport in vascular endothelial
cells. Diabetologia 48:752–755 DOI 10.1007/s00125-005-1681-y.

Alwakeel JS, Isnani AC, Alsuwaida A, Alharbi A, Shaffi SA, Almohaya S, Ghonaim
MAl. 2011. Factors affecting the progression of diabetic nephropathy and its
complications: a single-center experience in Saudi Arabia. Annals of Saudi Medicine
31:236–242 DOI 10.4103/0256-4947.81528.

American Diabetes A. 2018. 9. Cardiovascular disease and risk management:
standards of Medical Care in Diabetes-2018. Diabetes Care 41:S86–S104
DOI 10.2337/dc18-S009.

Andress DL, Coll B, Pritchett Y, Brennan J, MolitchM, Kohan DE. 2012. Clinical
efficacy of the selective endothelin A receptor antagonist, atrasentan, in patients
with diabetes and chronic kidney disease (CKD). Life Sciences 91:739–742
DOI 10.1016/j.lfs.2012.01.011.

Baigent C, LandrayMJ, Reith C, Emberson J, Wheeler DC, Tomson C,Wanner
C, Krane V, Cass A, Craig J, Neal B, Jiang L, Hooi LS, Levin A, Agodoa L,
GazianoM, Kasiske B,Walker R, Massy ZA, Feldt-Rasmussen B, Krairittichai U,
Ophascharoensuk V, Fellstrom B, Holdaas H, Tesar V,Wiecek A, Grobbee D, De
ZeeuwD, Gronhagen-Riska C, Dasgupta T, Lewis D, HerringtonW,MafhamM,
MajoniW,Wallendszus K, GrimmR, Pedersen T, Tobert J, Armitage J, Baxter
A, Bray C, Chen Y, Chen Z, Hill M, Knott C, Parish S, Simpson D, Sleight P,
Young A, Collins R, Investigators S. 2011. The effects of lowering LDL cholesterol
with simvastatin plus ezetimibe in patients with chronic kidney disease (Study
of Heart and Renal Protection): a randomised placebo-controlled trial. Lancet
377:2181–2192 DOI 10.1016/S0140-6736(11)60739-3.

Barnett R. 2010.Historical keyword: diabetes. Lancet 375:191
DOI 10.1016/S0140-6736(10)60079-7.

BartonM, Sorokin A. 2015. Endothelin and the glomerulus in chronic kidney disease.
Seminars in Nephrology 35:156–167
DOI 10.1016/j.semnephrol.2015.02.005.

Bassi R, Trevisani A, Tezza S, Ben Nasr M, Gatti F, Vergani A, Farina A, Fiorina P.
2012. Regenerative therapies for diabetic microangiopathy. Experimental Diabetes
Research 2012:916560 DOI 10.1155/2012/916560.

Batlle D,Wysocki J, Soler MJ, Ranganath K. 2012. Angiotensin-converting enzyme
2: enhancing the degradation of angiotensin II as a potential therapy for diabetic
nephropathy. Kidney International 81:520–528 DOI 10.1038/ki.2011.381.

Woodhams et al. (2021), PeerJ, DOI 10.7717/peerj.11070 20/35

https://peerj.com
http://dx.doi.org/10.1046/j.1523-1755.2003.00712.x
http://dx.doi.org/10.1371/journal.pone.0088956
http://dx.doi.org/10.1007/s00125-005-1681-y
http://dx.doi.org/10.4103/0256-4947.81528
http://dx.doi.org/10.2337/dc18-S009
http://dx.doi.org/10.1016/j.lfs.2012.01.011
http://dx.doi.org/10.1016/S0140-6736(11)60739-3
http://dx.doi.org/10.1016/S0140-6736(10)60079-7
http://dx.doi.org/10.1016/j.semnephrol.2015.02.005
http://dx.doi.org/10.1155/2012/916560
http://dx.doi.org/10.1038/ki.2011.381
http://dx.doi.org/10.7717/peerj.11070


Benigni A, Zoja C, Corna D, Zatelli C, Conti S, CampanaM, Gagliardini E, Rot-
toli D, Zanchi C, Abbate M, Ledbetter S, Remuzzi G. 2003. Add-on anti-
TGF-beta antibody to ACE inhibitor arrests progressive diabetic nephropa-
thy in the rat. Journal of the American Society of Nephrology 14:1816–1824
DOI 10.1097/01.asn.0000074238.61967.b7.

Bjornstad P, LanaspaMA, Ishimoto T, Kosugi T, Kume S, Jalal D, Maahs DM, Snell-
Bergeon JK, Johnson RJ, Nakagawa T. 2015. Fructose and uric acid in diabetic
nephropathy. Diabetologia 58:1993–2002
DOI 10.1007/s00125-015-3650-4.

Blomster JI, WoodwardM, Zoungas S, Hillis GS, Harrap S, Neal B, Poulter N, Mancia
G, Chalmers J, Huxley R. 2016. The harms of smoking and benefits of smoking
cessation in women compared with men with type 2 diabetes: an observational
analysis of the ADVANCE (Action in Diabetes and Vascular Disease: Preterax and
Diamicron modified release Controlled Evaluation) trial. BMJ Open 6:e009668
DOI 10.1136/bmjopen-2015-009668.

Bohlender JM, Franke S, Stein G,Wolf G. 2005. Advanced glycation end products and
the kidney. The American Journal of Physiology-Renal Physiology 289:F645–F659
DOI 10.1152/ajprenal.00398.2004.

BohmM, Thoenes M, Neuberger HR, Graber S, Reil JC, Bramlage P, Volpe M.
2009. Atrial fibrillation and heart rate independently correlate to microal-
buminuria in hypertensive patients. European Heart Journal 30:1364–1371
DOI 10.1093/eurheartj/ehp124.

Brotman DJ, Bash LD, Qayyum R, Crews D,Whitsel EA, Astor BC, Coresh J. 2010.
Heart rate variability predicts ESRD and CKD-related hospitalization. Journal of the
American Society of Nephrology 21:1560–1570
DOI 10.1681/ASN.2009111112.

Brown CD, Higgins M, Donato KA, Rohde FC, Garrison R, Obarzanek E, Ernst
ND, HoranM. 2000. Body mass index and the prevalence of hypertension and
dyslipidemia. Obesity Research 8:605–619 DOI 10.1038/oby.2000.79.

Buelli S, Rosano L, Gagliardini E, Corna D, Longaretti L, Pezzotta A, Perico L,
Conti S, Rizzo P, Novelli R, Morigi M, Zoja C, Remuzzi G, Bagnato A, Benigni
A. 2014. beta-arrestin-1 drives endothelin-1-mediated podocyte activation and
sustains renal injury. Journal of the American Society of Nephrology 25:523–533
DOI 10.1681/ASN.2013040362.

Cachat F, Combescure C, CauderayM, Girardin E, Chehade H. 2015. A systematic
review of glomerular hyperfiltration assessment and definition in the medical
literature. Clinical Journal of the American Society of Nephrology 10:382–389
DOI 10.2215/CJN.03080314.

Calles-Escandon J, Cipolla M. 2001. Diabetes and endothelial dysfunction: a clinical
perspective. Endocrine Reviews 22:36–52 DOI 10.1210/edrv.22.1.0417.

Cao Z, Cooper ME. 2011. Pathogenesis of diabetic nephropathy. Journal of Diabetes
Investigation 2:243–247 DOI 10.1111/j.2040-1124.2011.00131.x.

Woodhams et al. (2021), PeerJ, DOI 10.7717/peerj.11070 21/35

https://peerj.com
http://dx.doi.org/10.1097/01.asn.0000074238.61967.b7
http://dx.doi.org/10.1007/s00125-015-3650-4
http://dx.doi.org/10.1136/bmjopen-2015-009668
http://dx.doi.org/10.1152/ajprenal.00398.2004
http://dx.doi.org/10.1093/eurheartj/ehp124
http://dx.doi.org/10.1681/ASN.2009111112
http://dx.doi.org/10.1038/oby.2000.79
http://dx.doi.org/10.1681/ASN.2013040362
http://dx.doi.org/10.2215/CJN.03080314
http://dx.doi.org/10.1210/edrv.22.1.0417
http://dx.doi.org/10.1111/j.2040-1124.2011.00131.x
http://dx.doi.org/10.7717/peerj.11070


Carlsson AC, Ostgren CJ, Lanne T, Larsson A, Nystrom FH, Arnlov J. 2016. The
association between endostatin and kidney disease and mortality in patients with
type 2 diabetes. Diabete et Metabolisme 42:351–357
DOI 10.1016/j.diabet.2016.03.006.

Ceddia RB, Somwar R, Maida A, Fang X, Bikopoulos G, Sweeney G. 2005. Glob-
ular adiponectin increases GLUT4 translocation and glucose uptake but re-
duces glycogen synthesis in rat skeletal muscle cells. Diabetologia 48:132–139
DOI 10.1007/s00125-004-1609-y.

Chan K, Han XD, Kan YW. 2001. An important function of Nrf2 in combating oxidative
stress: detoxification of acetaminophen. Proceedings of the National Academy of
Sciences of the United States of America 98:4611–4616
DOI 10.1073/pnas.081082098.

Cheng H,Wang H, Fan X, Paueksakon P, Harris RC. 2012. Improvement of endothelial
nitric oxide synthase activity retards the progression of diabetic nephropathy in
db/db mice. Kidney International 82:1176–1183 DOI 10.1038/ki.2012.248.

Cho NH, Shaw JE, Karuranga S, Huang Y, Da Rocha Fernandes JD, Ohlrogge AW,
Malanda B. 2018. IDF diabetes atlas: global estimates of diabetes prevalence for
2017 and projections for 2045. Diabetes Research and Clinical Practice 138:271–281
DOI 10.1016/j.diabres.2018.02.023.

Colhoun HM, Betteridge DJ, Durrington PN, Hitman GA, Neil HA, Livingstone SJ,
Charlton-Menys V, DeMicco DA, Fuller JH, Investigators C. 2009. Effects of
atorvastatin on kidney outcomes and cardiovascular disease in patients with diabetes:
an analysis from the Collaborative Atorvastatin Diabetes Study (CARDS). American
Journal of Kidney Diseases 54:810–819 DOI 10.1053/j.ajkd.2009.03.022.

Dalla Vestra M, Masiero A, Roiter AM, Saller A, Crepaldi G, Fioretto P. 2003. Is
podocyte injury relevant in diabetic nephropathy? Studies in patients with type 2
diabetes. Diabetes 52:1031–1035 DOI 10.2337/diabetes.52.4.1031.

Davis TM, Ting R, Best JD, DonoghoeMW, Drury PL, Sullivan DR, Jenkins AJ,
O’Connell RL,WhitingMJ, Glasziou PP, Simes RJ, Kesaniemi YA, Gebski
VJ, Scott RS, Keech AC, Fenofibrate I. 2011. Effects of fenofibrate on renal
function in patients with type 2 diabetes mellitus: the Fenofibrate Interven-
tion and Event Lowering in Diabetes (FIELD) Study. Diabetologia 54:280–290
DOI 10.1007/s00125-010-1951-1.

DeHaan JB, Crack PJ, Flentjar N, Iannello RC, Hertzog PJ, Kola I. 2003. An imbalance
in antioxidant defense affects cellular function: the pathophysiological consequences
of a reduction in antioxidant defense in the glutathione peroxidase-1 (Gpx1)
knockout mouse. Redox Report 8:69–79 DOI 10.1179/135100003125001378.

De Vriese AS, Tilton RG, Elger M, Stephan CC, KrizW, Lameire NH. 2001. Antibodies
against vascular endothelial growth factor improve early renal dysfunction in
experimental diabetes. Journal of the American Society of Nephrology 12:993–1000.

Dronavalli S, Duka I, Bakris GL. 2008. The pathogenesis of diabetic nephropathy.
Nature Clinical Practice Endocrinology & Metabolism 4:444–452
DOI 10.1038/ncpendmet0894.

Woodhams et al. (2021), PeerJ, DOI 10.7717/peerj.11070 22/35

https://peerj.com
http://dx.doi.org/10.1016/j.diabet.2016.03.006
http://dx.doi.org/10.1007/s00125-004-1609-y
http://dx.doi.org/10.1073/pnas.081082098
http://dx.doi.org/10.1038/ki.2012.248
http://dx.doi.org/10.1016/j.diabres.2018.02.023
http://dx.doi.org/10.1053/j.ajkd.2009.03.022
http://dx.doi.org/10.2337/diabetes.52.4.1031
http://dx.doi.org/10.1007/s00125-010-1951-1
http://dx.doi.org/10.1179/135100003125001378
http://dx.doi.org/10.1038/ncpendmet0894
http://dx.doi.org/10.7717/peerj.11070


Dugan LL, You YH, Ali SS, Diamond-Stanic M, Miyamoto S, DeCleves AE, Andreyev A,
Quach T, Ly S, Shekhtman G, NguyenW, Chepetan A, Le TP,Wang L, XuM, Paik
KP, Fogo A, Viollet B, Murphy A, Brosius F, Naviaux RK, Sharma K. 2013. AMPK
dysregulation promotes diabetes-related reduction of superoxide and mitochondrial
function. Journal of Clinical Investigation 123:4888–4899
DOI 10.1172/JCI66218.

Egido J, Rojas-Rivera J, Mas S, Ruiz-Ortega M, Sanz AB, Gonzalez Parra E, Gomez-
Guerrero C. 2017. Atrasentan for the treatment of diabetic nephropathy. Expert
Opinion on Investigational Drugs 26:741–750
DOI 10.1080/13543784.2017.1325872.

Elajami TK, Alfaddagh A, Lakshminarayan D, SolimanM, Chandnani M,Welty
FK. 2017. Eicosapentaenoic and docosahexaenoic acids attenuate progression of
albuminuria in patients with type 2 diabetes mellitus and coronary artery disease.
Journal of the American Heart Association 6:e004740
DOI 10.1161/JAHA.116.004740.

Eriksen BO, Ingebretsen OC. 2006. The progression of chronic kidney disease: a 10-
year population-based study of the effects of gender and age. Kidney International
69:375–382 DOI 10.1038/sj.ki.5000058.

Eschalier R, McMurray JJ, Swedberg K, Van Veldhuisen DJ, KrumH, Pocock SJ, Shi
H, Vincent J, Rossignol P, Zannad F, Pitt B, Investigators E-H. 2013. Safety and
efficacy of eplerenone in patients at high risk for hyperkalemia and/or worsening
renal function: analyses of the EMPHASIS-HF study subgroups (Eplerenone in
Mild Patients Hospitalization And SurvIval Study in Heart Failure). Journal of the
American College of Cardiology 62:1585–1593
DOI 10.1016/j.jacc.2013.04.086.

FarvidMS, Jalali M, Siassi F, Hosseini M. 2005. Comparison of the effects of vitamins
and/or mineral supplementation on glomerular and tubular dysfunction in type 2
diabetes. Diabetes Care 28:2458–2464 DOI 10.2337/diacare.28.10.2458.

Fawwad A, Mustafa N, Zafar AB, Khalid M. 2018. Incidence of microvascular complica-
tions of type 2 diabetes: a 12 year longitudinal study from Karachi-Pakistan. Pakistan
Journal of Medical Sciences 34:1058–1063 DOI 10.12669/pjms.345.15224.

Feliu J, Salud A, Safont MJ, Garcia-Giron C, Aparicio J, Losa F, Bosch C, Escudero
P, Casado E, Jorge M, Bohn U, Perez-Carrion R, Carmona A, Custodio AB,
Maurel J. 2015. Correlation of hypertension and proteinuria with outcome in
elderly bevacizumab-treated patients with metastatic colorectal cancer. PLOS ONE
10:e0116527 DOI 10.1371/journal.pone.0116527.

Ferrario CM, Varagic J. 2010. The ANG-(1-7)/ACE2/mas axis in the regulation
of nephron function. The American Journal of Physiology-Renal Physiology
298:F1297–F1305 DOI 10.1152/ajprenal.00110.2010.

Fiseha T. 2015. Urinary biomarkers for early diabetic nephropathy in type 2 diabetic
patients. Biomarker Research 3:16 DOI 10.1186/s40364-015-0042-3.

Flyvbjerg A, Dagnaes-Hansen F, De Vriese AS, Schrijvers BF, Tilton RG, Rasch R.
2002. Amelioration of long-term renal changes in obese type 2 diabetic mice by a

Woodhams et al. (2021), PeerJ, DOI 10.7717/peerj.11070 23/35

https://peerj.com
http://dx.doi.org/10.1172/JCI66218
http://dx.doi.org/10.1080/13543784.2017.1325872
http://dx.doi.org/10.1161/JAHA.116.004740
http://dx.doi.org/10.1038/sj.ki.5000058
http://dx.doi.org/10.1016/j.jacc.2013.04.086
http://dx.doi.org/10.2337/diacare.28.10.2458
http://dx.doi.org/10.12669/pjms.345.15224
http://dx.doi.org/10.1371/journal.pone.0116527
http://dx.doi.org/10.1152/ajprenal.00110.2010
http://dx.doi.org/10.1186/s40364-015-0042-3
http://dx.doi.org/10.7717/peerj.11070


neutralizing vascular endothelial growth factor antibody. Diabetes 51:3090–3094
DOI 10.2337/diabetes.51.10.3090.

Franceschini N, Shara NM,Wang H, Voruganti VS, Laston S, Haack K, Lee ET, Best
LG, Maccluer JW, Cochran BJ, Dyer TD, Howard BV, Cole SA, North KE, Umans
JG. 2012. The association of genetic variants of type 2 diabetes with kidney function.
Kidney International 82:220–225 DOI 10.1038/ki.2012.107.

Fruehwald-Schultes B, KernW, Beyer J, Forst T, Pfutzner A, Peters A. 1999. Elevated
serum leptin concentrations in type 2 diabetic patients with microalbuminuria
and macroalbuminuria.Metabolism: Clinical and Experimental 48:1290–1293
DOI 10.1016/s0026-0495(99)90270-6.

Fukami K, Yamagishi S, Ueda S, Okuda S. 2008. Role of AGEs in diabetic nephropathy.
Current Pharmaceutical Design 14:946–952
DOI 10.2174/138161208784139710.

Gao K, Chi Y, SunW, TakedaM, Yao J. 2014. 5’-AMP-activated protein kinase attenu-
ates adriamycin-induced oxidative podocyte injury through thioredoxin-mediated
suppression of the apoptosis signal-regulating kinase 1-P38 signaling pathway.
Molecular Pharmacology 85:460–471 DOI 10.1124/mol.113.089458.

Gheith O, Farouk N, Nampoory N, HalimMA, Al-Otaibi T. 2016. Diabetic kidney
disease: world wide difference of prevalence and risk factors. Journal of Nephrophar-
macology 5:49–56.

Gilbert RE, Kim SA, Tuttle KR, Bakris GL, Toto RD, McGill JB, Haney DJ, Kelly DJ,
Anderson PW. 2007. Effect of ruboxistaurin on urinary transforming growth
factor-beta in patients with diabetic nephropathy and type 2 diabetes. Diabetes Care
30:995–996 DOI 10.2337/dc06-2079.

Greka A, Mundel P. 2012. Cell biology and pathology of podocytes. Annual Review of
Physiology 74:299–323 DOI 10.1146/annurev-physiol-020911-153238.

Guariguata L, Whiting DR, Hambleton I, Beagley J, Linnenkamp U, Shaw JE. 2014.
Global estimates of diabetes prevalence for 2013 and projections for 2035. Diabetes
Research and Clinical Practice 103:137–149
DOI 10.1016/j.diabres.2013.11.002.

GuhaM, Xu ZG, Tung D, Lanting L, Natarajan R. 2007. Specific down-regulation
of connective tissue growth factor attenuates progression of nephropathy in
mouse models of type 1 and type 2 diabetes. FASEB Journal 21:3355–3368
DOI 10.1096/fj.06-6713com.

Haghighat N, Vafa M, Eghtesadi S, Heidari I, Hosseini A, Rostami A. 2014. The
effects of tocotrienols added to canola oil on microalbuminuria, inflammation,
and nitrosative stress in patients with type 2 diabetes: a randomized, double-blind,
placebo-controlled trial. International Journal of Preventive Medicine 5:617–623.

Hanefeld M, Appelt D, Engelmann K, Sandner D, Bornstein SR, Ganz X, Henkel E,
Haase R, Birkenfeld AL. 2016. Serum and plasma levels of vascular endothelial
growth factors in relation to quality of glucose control, biomarkers of inflamma-
tion, and diabetic nephropathy. Hormone and Metabolic Research 48:529–534
DOI 10.1055/s-0042-106295.

Woodhams et al. (2021), PeerJ, DOI 10.7717/peerj.11070 24/35

https://peerj.com
http://dx.doi.org/10.2337/diabetes.51.10.3090
http://dx.doi.org/10.1038/ki.2012.107
http://dx.doi.org/10.1016/s0026-0495(99)90270-6
http://dx.doi.org/10.2174/138161208784139710
http://dx.doi.org/10.1124/mol.113.089458
http://dx.doi.org/10.2337/dc06-2079
http://dx.doi.org/10.1146/annurev-physiol-020911-153238
http://dx.doi.org/10.1016/j.diabres.2013.11.002
http://dx.doi.org/10.1096/fj.06-6713com
http://dx.doi.org/10.1055/s-0042-106295
http://dx.doi.org/10.7717/peerj.11070


Hao CM, Breyer MD. 2007. Roles of lipid mediators in kidney injury. Seminars in
Nephrology 27:338–351 DOI 10.1016/j.semnephrol.2007.02.008.

Hathaway CK, Chang AS, Grant R, KimHS, Madden VJ, Bagnell Jr CR, Jennette JC,
Smithies O, Kakoki M. 2016.High Elmo1 expression aggravates and low Elmo1
expression prevents diabetic nephropathy. Proceedings of the National Academy of
Sciences of the United States of America 113:2218–2222
DOI 10.1073/pnas.1600511113.

HeD, Zhang Y, ZhangW, Xing Y, Guo Y,Wang F, Jia J, Yan T, Liu Y, Lin S. 2020.
Effects of ACE inhibitors and angiotensin receptor blockers in normotensive
patients with diabetic kidney disease. Hormone and Metabolic Research 52:289–297
DOI 10.1055/a-1138-0959.

Hegyi K, Fulop K, Kovacs K, Toth S, Falus A. 2004. Leptin-induced signal transduction
pathways. Cell Biology International 28:159–169
DOI 10.1016/j.cellbi.2003.12.003.

Hillis GS, Hata J, WoodwardM, Perkovic V, Arima H, Chow CK, Zoungas S, Patel A,
Poulter NR, Mancia G,Williams B, Chalmers J. 2012. Resting heart rate and the risk
of microvascular complications in patients with type 2 diabetes mellitus. Journal of
the American Heart Association 1:e002832
DOI 10.1161/JAHA.112.002832.

Horiuchi S, Higashi T, Ikeda K, Saishoji T, Jinnouchi Y, Sano H, Shibayama R,
Sakamoto T, Araki N. 1996. Advanced glycation end products and their recognition
by macrophage and macrophage-derived cells. Diabetes 45(Suppl 3):S73–576
DOI 10.2337/diab.45.3.s73.

Ikarashi K, Li B, SuwaM, Kawamura K, Morioka T, Yao J, Khan F, UchiyamaM, Oite
T. 2005. Bone marrow cells contribute to regeneration of damaged glomerular
endothelial cells. Kidney International 67:1925–1933
DOI 10.1111/j.1523-1755.2005.00291.x.

Inoue T, Iseki K, Iseki C, Ohya Y, Kinjo K, Takishita S. 2009.Heart rate as a risk factor
for developing chronic kidney disease: longitudinal analysis of a screened cohort.
Clinical and Experimental Nephrology 13:487–493
DOI 10.1007/s10157-009-0193-3.

Inscho EW, Imig JD, Cook AK, Pollock DM. 2005. ETA and ETB receptors differentially
modulate afferent and efferent arteriolar responses to endothelin. British Journal of
Pharmacology 146:1019–1026 DOI 10.1038/sj.bjp.0706412.

Ishii H, JirousekMR, Koya D, Takagi C, Xia P, Clermont A, Bursell SE, Kern TS, Ballas
LM, HeathWF, Stramm LE, Feener EP, King GL. 1996. Amelioration of vascular
dysfunctions in diabetic rats by an oral PKC beta inhibitor. Science 272:728–731
DOI 10.1126/science.272.5262.728.

Ismail-Beigi F, Craven T, Banerji MA, Basile J, Calles J, Cohen RM, Cuddihy R,
CushmanWC, Genuth S, Grimm Jr RH, Hamilton BP, Hoogwerf B, Karl D, Katz
L, Krikorian A, O’Connor P, Pop-Busui R, Schubart U, Simmons D, Taylor H,
Thomas A,Weiss D, Hramiak I. group At. 2010. Effect of intensive treatment of
hyperglycaemia on microvascular outcomes in type 2 diabetes: an analysis of the

Woodhams et al. (2021), PeerJ, DOI 10.7717/peerj.11070 25/35

https://peerj.com
http://dx.doi.org/10.1016/j.semnephrol.2007.02.008
http://dx.doi.org/10.1073/pnas.1600511113
http://dx.doi.org/10.1055/a-1138-0959
http://dx.doi.org/10.1016/j.cellbi.2003.12.003
http://dx.doi.org/10.1161/JAHA.112.002832
http://dx.doi.org/10.2337/diab.45.3.s73
http://dx.doi.org/10.1111/j.1523-1755.2005.00291.x
http://dx.doi.org/10.1007/s10157-009-0193-3
http://dx.doi.org/10.1038/sj.bjp.0706412
http://dx.doi.org/10.1126/science.272.5262.728
http://dx.doi.org/10.7717/peerj.11070


ACCORD randomised trial. Lancet 376:419–430
DOI 10.1016/S0140-6736(10)60576-4.

Jabbar A, Irfanullah A, Akhter J, Mirza YK. 1997. Dyslipidemia and its relation with
body mass index versus waist hip ratio. Journal of Pakistan Medical Association
47:308–310.

Jenkins AJ, Lyons TJ, Zheng D, Otvos JD, Lackland DT, McGee D, GarveyWT, Klein
RL. Group DER. 2003. Lipoproteins in the DCCT/EDIC cohort: associations with
diabetic nephropathy. Kidney International 64:817–828
DOI 10.1046/j.1523-1755.2003.00164.x.

Jensen LJ, Denner L, Schrijvers BF, Tilton RG, Rasch R, Flyvbjerg A. 2006. Renal effects
of a neutralising RAGE-antibody in long-term streptozotocin-diabetic mice. Journal
of Endocrinology 188:493–501 DOI 10.1677/joe.1.06524.

Jeon SM. 2016. Regulation and function of AMPK in physiology and diseases. Experimen-
tal & Molecular Medicine 48:e245 DOI 10.1038/emm.2016.81.

Kelly DJ, Buck D, Cox AJ, Zhang Y, Gilbert RE. 2007. Effects on protein kinase C-
beta inhibition on glomerular vascular endothelial growth factor expression and
endothelial cells in advanced experimental diabetic nephropathy. The American
Journal of Physiology-Renal Physiology 293:F565–F574
DOI 10.1152/ajprenal.00397.2006.

Keri KC, Samji NS, Blumenthal S. 2018. Diabetic nephropathy: newer therapeutic per-
spectives. Journal of Community Hospital Internal Medicine Perspectives 8:200–207
DOI 10.1080/20009666.2018.1500423.

Khan KN, Stanfield KM, Harris RK, Baron DA. 2001. Expression of cyclooxygenase-2
in the macula densa of human kidney in hypertension, congestive heart failure, and
diabetic nephropathy. Renal Failure 23:321–330
DOI 10.1081/jdi-100104716.

KhanMI, Siddique KU, Ashfaq F, Ali W, Reddy HD,Mishra A. 2013. Effect of high-
dose zinc supplementation with oral hypoglycemic agents on glycemic control and
inflammation in type-2 diabetic nephropathy patients. Journal of Natural Science,
Biology and Medicine 4:336–340 DOI 10.4103/0976-9668.117002.

KimNH, Oh JH, Seo JA, Lee KW, Kim SG, Choi KM, Baik SH, Choi DS, Kang YS, Han
SY, Han KH, Ji YH, Cha DR. 2005. Vascular endothelial growth factor (VEGF)
and soluble VEGF receptor FLT-1 in diabetic nephropathy. Kidney International
67:167–177 DOI 10.1111/j.1523-1755.2005.00067.x.

King GL, Das-Evcimen N. 2010. Role of protein kinase C in diabetic complications.
Expert Review of Endocrinology & Metabolism 5:77–88
DOI 10.1586/eem.09.74.

Klein F, Juhl B, Christiansen JS. 1995. Unchanged renal haemodynamics following high
dose ascorbic acid administration in normoalbuminuric IDDM patients. Journal of
Clinical and Laboratory Investigation 55:53–59
DOI 10.3109/00365519509075378.

Woodhams et al. (2021), PeerJ, DOI 10.7717/peerj.11070 26/35

https://peerj.com
http://dx.doi.org/10.1016/S0140-6736(10)60576-4
http://dx.doi.org/10.1046/j.1523-1755.2003.00164.x
http://dx.doi.org/10.1677/joe.1.06524
http://dx.doi.org/10.1038/emm.2016.81
http://dx.doi.org/10.1152/ajprenal.00397.2006
http://dx.doi.org/10.1080/20009666.2018.1500423
http://dx.doi.org/10.1081/jdi-100104716
http://dx.doi.org/10.4103/0976-9668.117002
http://dx.doi.org/10.1111/j.1523-1755.2005.00067.x
http://dx.doi.org/10.1586/eem.09.74
http://dx.doi.org/10.3109/00365519509075378
http://dx.doi.org/10.7717/peerj.11070


Kohan DE, Pollock DM. 2013. Endothelin antagonists for diabetic and non-diabetic
chronic kidney disease. British Journal of Clinical Pharmacology 76:573–579
DOI 10.1111/bcp.12064.

Komers R, Anderson S. 2003. Paradoxes of nitric oxide in the diabetic kidney. The
American Journal of Physiology-Renal Physiology 284:F1121–F1137
DOI 10.1152/ajprenal.00265.2002.

Komers R, Zdychova J, CahovaM, Kazdova L, Lindsley JN, Anderson S. 2005. Renal
cyclooxygenase-2 in obese Zucker (fatty) rats. Kidney International 67:2151–2158
DOI 10.1111/j.1523-1755.2005.00320.x.

Kurts C, Panzer U, Anders HJ, Rees AJ. 2013. The immune system and kidney disease:
basic concepts and clinical implications. Nature Reviews Immunology 13:738–753
DOI 10.1038/nri3523.

Lafayette RA, McCall B, Li N, Chu L,Werner P, Das A, Glassock R. 2014. Incidence
and relevance of proteinuria in bevacizumab-treated patients: pooled analysis
from randomized controlled trials. American Journal of Nephrology 40:75–83
DOI 10.1159/000365156.

Landau D, Israel E, Rivkis I, Kachko L, Schrijvers BF, Flyvbjerg A, Phillip M, Segev Y.
2003. The effect of growth hormone on the development of diabetic kidney disease
in rats. Nephrology, Dialysis, Transplantation 18:694–702
DOI 10.1093/ndt/gfg142.

Leehey DJ, Zhang JH, Emanuele NV,Whaley-Connell A, Palevsky PM, Reilly RF,
Guarino P, Fried LF. Group VN-DS. 2015. BP and renal outcomes in diabetic
kidney disease: the veterans affairs nephropathy in diabetes trial. Clinical Journal of
the American Society of Nephrology 10:2159–2169
DOI 10.2215/CJN.02850315.

Leemans JC, Kors L, Anders HJ, Florquin S. 2014. Pattern recognition receptors and
the inflammasome in kidney disease. Nature Reviews Nephrology 10:398–414
DOI 10.1038/nrneph.2014.91.

Li YM,Mitsuhashi T,Wojciechowicz D, Shimizu N, Li J, Stitt A, He C, Banerjee D,
Vlassara H. 1996.Molecular identity and cellular distribution of advanced glycation
endproduct receptors: relationship of p60 to OST-48 and p90 to 80K-H membrane
proteins. Proceedings of the National Academy of Sciences of the United States of
America 93:11047–11052 DOI 10.1073/pnas.93.20.11047.

Lin JH, Zhang JJ, Lin SL, Chertow GM. 2015. Design of a phase 2 clinical trial of
an ASK1 inhibitor, GS-4997, in patients with diabetic kidney disease. Nephron
129:29–33 DOI 10.1159/000369152.

Liu BL, Chen YP, Cheng H,Wang YY, Rui HL, YangM, Dong HR, Han DN, Dong
J. 2015a. The protective effects of curcumin on obesity-related glomerulopa-
thy are associated with inhibition of Wnt/beta-catenin signaling activation in
podocytes. Evidence-based Complementary and Alternative Medicine 2015:827472
DOI 10.1155/2015/827472.

Liu F, Guo J, Zhang Q, Liu D,Wen L, Yang Y, Yang L, Liu Z. 2015b. The expression of
tristetraprolin and its relationship with urinary proteins in patients with diabetic

Woodhams et al. (2021), PeerJ, DOI 10.7717/peerj.11070 27/35

https://peerj.com
http://dx.doi.org/10.1111/bcp.12064
http://dx.doi.org/10.1152/ajprenal.00265.2002
http://dx.doi.org/10.1111/j.1523-1755.2005.00320.x
http://dx.doi.org/10.1038/nri3523
http://dx.doi.org/10.1159/000365156
http://dx.doi.org/10.1093/ndt/gfg142
http://dx.doi.org/10.2215/CJN.02850315
http://dx.doi.org/10.1038/nrneph.2014.91
http://dx.doi.org/10.1073/pnas.93.20.11047
http://dx.doi.org/10.1159/000369152
http://dx.doi.org/10.1155/2015/827472
http://dx.doi.org/10.7717/peerj.11070


nephropathy. PLOS ONE 10:e0141471
DOI 10.1371/journal.pone.0141471.

Liu J, Li QX,Wang XJ, Zhang C, Duan YQ,Wang ZY, Zhang Y, Yu X, Li NJ, Sun JP,
Yi F. 2016. beta-Arrestins promote podocyte injury by inhibition of autophagy in
diabetic nephropathy. Cell Death & Disease 7:e2183
DOI 10.1038/cddis.2016.89.

LiuM, Li F, LiangM, Rao X. 2020. Effects of aldose reductase inhibitors on renal blood
flow parameters in patients with early diabetic nephropathy. Journal of Diabetes and
its Complications 34:107620 DOI 10.1016/j.jdiacomp.2020.107620.

Lonn E, Yusuf S, Hoogwerf B, Pogue J, Yi Q, Zinman B, Bosch J, Dagenais G, Mann
JF, Gerstein HC, Study H, StudyM-H. 2002. Effects of vitamin E on cardiovas-
cular and microvascular outcomes in high-risk patients with diabetes: results
of the HOPE study and MICRO-HOPE substudy. Diabetes Care 25:1919–1927
DOI 10.2337/diacare.25.11.1919.

Luis-Rodriguez D, Martinez-Castelao A, Gorriz JL, De-Alvaro F, Navarro-Gonzalez
JF. 2012. Pathophysiological role and therapeutic implications of inflammation in
diabetic nephropathy.World Journal of Diabetes 3:7–18
DOI 10.4239/wjd.v3.i1.7.

Lymperopoulos A. 2012. Beta-arrestin biased agonism/antagonism at cardiovascu-
lar seven transmembrane-spanning receptors. Current Pharmaceutical Design
18:192–198 DOI 10.2174/138161212799040475.

Magee C, Grieve DJ, Watson CJ, Brazil DP. 2017. Diabetic Nephropathy: a tangled web
to unweave. Cardiocasular Drugs and Therapy 31:579–592
DOI 10.1007/s10557-017-6755-9.

Maric C, Sullivan S. 2008. Estrogens and the diabetic kidney. Gender Medicine 5(Suppl
A):S103–S113 DOI 10.1016/j.genm.2008.03.010.

Martini S, Nair V, Patel SR, Eichinger F, Nelson RG,Weil EJ, Pezzolesi MG, Krolewski
AS, Randolph A, Keller BJ, Werner T, Kretzler M. 2013. From single nucleotide
polymorphism to transcriptional mechanism: a model for FRMD3 in diabetic
nephropathy. Diabetes 62:2605–2612 DOI 10.2337/db12-1416.

McAuliffe AV, Brooks BA, Fisher EJ, Molyneaux LM, Yue DK. 1998. Administration
of ascorbic acid and an aldose reductase inhibitor (tolrestat) in diabetes: effect on
urinary albumin excretion. Nephron 80:277–284
DOI 10.1159/000045187.

McGrath K, Edi R. 2019. Diabetic kidney disease: diagnosis, treatment, and prevention.
American Family Physician 99:751–759.

Mehdi UF, Adams-Huet B, Raskin P, Vega GL, Toto RD. 2009. Addition of angiotensin
receptor blockade or mineralocorticoid antagonism to maximal angiotensin-
converting enzyme inhibition in diabetic nephropathy. Journal of the American
Society of Nephrology 20:2641–2650 DOI 10.1681/ASN.2009070737.

Merscher S, Fornoni A. 2014. Podocyte pathology and nephropathy—sphingolipids in
glomerular diseases. Frontiers in Endocrinology 5:127
DOI 10.3389/fendo.2014.00127.

Woodhams et al. (2021), PeerJ, DOI 10.7717/peerj.11070 28/35

https://peerj.com
http://dx.doi.org/10.1371/journal.pone.0141471
http://dx.doi.org/10.1038/cddis.2016.89
http://dx.doi.org/10.1016/j.jdiacomp.2020.107620
http://dx.doi.org/10.2337/diacare.25.11.1919
http://dx.doi.org/10.4239/wjd.v3.i1.7
http://dx.doi.org/10.2174/138161212799040475
http://dx.doi.org/10.1007/s10557-017-6755-9
http://dx.doi.org/10.1016/j.genm.2008.03.010
http://dx.doi.org/10.2337/db12-1416
http://dx.doi.org/10.1159/000045187
http://dx.doi.org/10.1681/ASN.2009070737
http://dx.doi.org/10.3389/fendo.2014.00127
http://dx.doi.org/10.7717/peerj.11070


Milner LS, Lotan D, Mills M, Goodyer PR, Fong JS, Kaplan BS. 1987. Colchicine reduces
proteinuria in passive Heymann nephritis. Nephron 46:11–17
DOI 10.1159/000184288.

Miranda-Diaz AG, Pazarin-Villasenor L, Yanowsky-Escatell FG, Andrade-Sierra J.
2016. Oxidative stress in diabetic nephropathy with early chronic kidney disease.
Journal of Diabetes Research 2016:7047238 DOI 10.1155/2016/7047238.

Miyazawa K, Miyazono K. 2017. Regulation of TGF-beta family signaling by inhibitory
Smads. Cold Spring Harbor Perspectives in Biology 9:a022095
DOI 10.1101/cshperspect.a022095.

Monteiro EB, Soares EDR, Trindade PL, De BemGF, Resende AC, Passos M, Soulage
CO, Daleprane JB. 2020. Uraemic toxin-induced inflammation and oxidative stress
in human endothelial cells: protective effect of polyphenol-rich extract from acai.
Experimental Physiology 105:542–551 DOI 10.1113/EP088080.

Morais JBS, Severo JS, De Alencar GRR, De Oliveira ARS, Cruz KJC, Marreiro DDN,
Freitas B, Carvalho CMRde, Martins M, Frota KMG. 2017. Effect of magnesium
supplementation on insulin resistance in humans: a systematic review. Nutrition
38:54–60 DOI 10.1016/j.nut.2017.01.009.

Mueller PW, Rogus JJ, Cleary PA, Zhao Y, Smiles AM, Steffes MW, Bucksa J, Gibson
TB, Cordovado SK, Krolewski AS, Nierras CR,Warram JH. 2006. Genetics of
Kidneys in Diabetes (GoKinD) study: a genetics collection available for identifying
genetic susceptibility factors for diabetic nephropathy in type 1 diabetes. Journal of
the American Society of Nephrology 17:1782–1790
DOI 10.1681/ASN.2005080822.

Mundel P, KrizW. 1995. Structure and function of podocytes: an update. Anatomy and
Embryology 192:385–397 DOI 10.1007/BF00240371.

Mundel P, Shankland SJ. 2002. Podocyte biology and response to injury. Journal of the
American Society of Nephrology 13:3005–3015
DOI 10.1097/01.asn.0000039661.06947.fd.

Muniyappa R, Brown RJ, Mari A, Joseph J, WarrenMA, Cochran EK, Skarulis
MC, Gorden P. 2014. Effects of leptin replacement therapy on pancreatic beta-
cell function in patients with lipodystrophy. Diabetes Care 37:1101–1107
DOI 10.2337/dc13-2040.

Myers Jr MG, Leibel RL, Seeley RJ, Schwartz MW. 2010. Obesity and leptin resis-
tance: distinguishing cause from effect. Trends in Endocrinology and Metabolism
21:643–651 DOI 10.1016/j.tem.2010.08.002.

Nakagawa T, Johnson RJ, Andres-Hernando A, Roncal-Jimenez C, Sanchez-
Lozada LG, Tolan DR, LanaspaMA. 2020. Fructose production and metabolism
in the kidney. Journal of the American Society of Nephrology 31:898–906
DOI 10.1681/ASN.2019101015.

Nakagawa T, Li JH, Garcia G, MuW, Piek E, Bottinger EP, Chen Y, Zhu HJ, Kang DH,
Schreiner GF, Lan HY, Johnson RJ. 2004. TGF-beta induces proangiogenic and
antiangiogenic factors via parallel but distinct Smad pathways. Kidney International
66:605–613 DOI 10.1111/j.1523-1755.2004.00780.x.

Woodhams et al. (2021), PeerJ, DOI 10.7717/peerj.11070 29/35

https://peerj.com
http://dx.doi.org/10.1159/000184288
http://dx.doi.org/10.1155/2016/7047238
http://dx.doi.org/10.1101/cshperspect.a022095
http://dx.doi.org/10.1113/EP088080
http://dx.doi.org/10.1016/j.nut.2017.01.009
http://dx.doi.org/10.1681/ASN.2005080822
http://dx.doi.org/10.1007/BF00240371
http://dx.doi.org/10.1097/01.asn.0000039661.06947.fd
http://dx.doi.org/10.2337/dc13-2040
http://dx.doi.org/10.1016/j.tem.2010.08.002
http://dx.doi.org/10.1681/ASN.2019101015
http://dx.doi.org/10.1111/j.1523-1755.2004.00780.x
http://dx.doi.org/10.7717/peerj.11070


Narayan H,Webb DJ. 2016. New evidence supporting the use of mineralocorticoid
receptor blockers in drug-resistant hypertension. Current Hypertension Reports 18:34
DOI 10.1007/s11906-016-0643-8.

Navarro-Gonzalez JF, Mora-Fernandez C, Muros de Fuentes M, Garcia-Perez J. 2011.
Inflammatory molecules and pathways in the pathogenesis of diabetic nephropathy.
Nature Reviews Nephrology 7:327–340 DOI 10.1038/nrneph.2011.51.

Nazir N, Siddiqui K, Al-Qasim S, Al-Naqeb D. 2014.Meta-analysis of diabetic
nephropathy associated genetic variants in inflammation and angiogenesis
involved in different biochemical pathways. BMCMedical Genetics 15:103
DOI 10.1186/s12881-014-0103-8.

Nguyen NT, Nguyen XM, Lane J, Wang P. 2011. Relationship between obesity
and diabetes in a US adult population: findings from the National Health
and Nutrition Examination Survey, 1999–2006. Obesity Surgery 21:351–355
DOI 10.1007/s11695-010-0335-4.

NishimotoM, Fujita T. 2015. Renal mechanisms of salt-sensitive hypertension: contribu-
tion of two steroid receptor-associated pathways. The American Journal of Physiology-
Renal Physiology 308:F377–F387 DOI 10.1152/ajprenal.00477.2013.

Nishiyama A, Yao L, Fan Y, KyawM, Kataoka N, Hashimoto K, Nagai Y, Nakamura E,
YoshizumiM, Shokoji T, Kimura S, Kiyomoto H, Tsujioka K, KohnoM, Tamaki T,
Kajiya F, Abe Y. 2005. Involvement of aldosterone and mineralocorticoid receptors
in rat mesangial cell proliferation and deformability. Hypertension 45:710–716
DOI 10.1161/01.HYP.0000154681.38944.9a.

Ohashi K, Iwatani H, Kihara S, Nakagawa Y, Komura N, Fujita K, Maeda N, Nishida
M, Katsube F, Shimomura I, Ito T, Funahashi T. 2007. Exacerbation of al-
buminuria and renal fibrosis in subtotal renal ablation model of adiponectin-
knockout mice. Arteriosclerosis, Thrombosis, and Vascular Biology 27:1910–1917
DOI 10.1161/ATVBAHA.107.147645.

Ohgami N, Nagai R, IkemotoM, Arai H, Kuniyasu A, Horiuchi S, Nakayama H. 2001.
CD36, a member of class B scavenger receptor family, is a receptor for advanced
glycation end products. Annals of the New York Academy of Sciences 947:350–355
DOI 10.1111/j.1749-6632.2001.tb03961.x.

Oner A, Erdogan O, Demircin G, Bulbul M, Memis L. 2003. Efficacy of colchicine ther-
apy in amyloid nephropathy of familial Mediterranean fever. Pediatric Nephrology
18:521–526 DOI 10.1007/s00467-003-1129-x.

Palatini P. 2009. Elevated heart rate in cardiovascular diseases: a target for treatment?
Progress in Cardiovascular Diseases 52:46–60
DOI 10.1016/j.pcad.2009.05.005.

Palmer ND, Freedman BI. 2013. Diabetic nephropathy: FRMD3 in diabetic nephropathy–
guilt by association. Nature Reviews Nephrology 9:313–314
DOI 10.1038/nrneph.2013.81.

Parikh SM, Yang Y, He L, Tang C, ZhanM, Dong Z. 2015.Mitochondrial function
and disturbances in the septic kidney. Seminars in Nephrology 35:108–119
DOI 10.1016/j.semnephrol.2015.01.011.

Woodhams et al. (2021), PeerJ, DOI 10.7717/peerj.11070 30/35

https://peerj.com
http://dx.doi.org/10.1007/s11906-016-0643-8
http://dx.doi.org/10.1038/nrneph.2011.51
http://dx.doi.org/10.1186/s12881-014-0103-8
http://dx.doi.org/10.1007/s11695-010-0335-4
http://dx.doi.org/10.1152/ajprenal.00477.2013
http://dx.doi.org/10.1161/01.HYP.0000154681.38944.9a
http://dx.doi.org/10.1161/ATVBAHA.107.147645
http://dx.doi.org/10.1111/j.1749-6632.2001.tb03961.x
http://dx.doi.org/10.1007/s00467-003-1129-x
http://dx.doi.org/10.1016/j.pcad.2009.05.005
http://dx.doi.org/10.1038/nrneph.2013.81
http://dx.doi.org/10.1016/j.semnephrol.2015.01.011
http://dx.doi.org/10.7717/peerj.11070


Pezzolesi MG, Jeong J, Smiles AM, Skupien J, Mychaleckyj JC, Rich SS, Warram JH,
Krolewski AS. 2013. Family-based association analysis confirms the role of the
chromosome 9q21.32 locus in the susceptibility of diabetic nephropathy. PLOS ONE
8:e60301 DOI 10.1371/journal.pone.0060301.

Pohl MA, Blumenthal S, Cordonnier DJ, De Alvaro F, Deferrari G, Eisner G, Esmatjes
E, Gilbert RE, Hunsicker LG, De Faria JB, Mangili R, Moore Jr J, Reisin E, Ritz E,
Schernthaner G, Spitalewitz S, Tindall H, Rodby RA, Lewis EJ. 2005. Independent
and additive impact of blood pressure control and angiotensin II receptor blockade
on renal outcomes in the irbesartan diabetic nephropathy trial: clinical implications
and limitations. Journal of the American Society of Nephrology 16:3027–3037
DOI 10.1681/ASN.2004110919.

Qin J, Peng Z, Yuan Q, Li Q, Peng Y,Wen R, Hu Z, Liu J, Xia X, Deng H, Xiong
X, Hu J, Tao L. 2019. AKF-PD alleviates diabetic nephropathy via blocking
the RAGE/AGEs/NOX and PKC/NOX Pathways. Scientific Reports 9:4407
DOI 10.1038/s41598-018-36344-w.

RoscaMG, Vazquez EJ, Kerner J, ParlandW, Chandler MP, StanleyW, Sabbah
HN, Hoppel CL. 2008. Cardiac mitochondria in heart failure: decrease in res-
pirasomes and oxidative phosphorylation. Cardiovascular Research 80:30–39
DOI 10.1093/cvr/cvn184.

Rossi GP, Bernini G, Desideri G, Fabris B, Ferri C, Giacchetti G, Letizia C, Mac-
cario M, Mannelli M, Matterello MJ, Montemurro D, Palumbo G, Rizzoni
D, Rossi E, Pessina AC, Mantero F, Participants PS. 2006. Renal damage in
primary aldosteronism: results of the PAPY Study. Hypertension 48:232–238
DOI 10.1161/01.HYP.0000230444.01215.6a.

Rowlands J, Heng J, Newsholme P, Carlessi R. 2018. Pleiotropic effects of GLP-1 and
analogs on cell signaling, metabolism, and function. Frontiers in Endocrinology 9:672
DOI 10.3389/fendo.2018.00672.

SadeghianM, Azadbakht L, Khalili N, Mortazavi M, Esmaillzadeh A. 2020. Oral
magnesium supplementation improved lipid profile but increased insulin resistance
in patients with diabetic nephropathy: a double-blind randomized controlled clinical
trial. Biological Trace Element Research 193:23–35
DOI 10.1007/s12011-019-01687-6.

Sahu A. 2003. Leptin signaling in the hypothalamus: emphasis on energy home-
ostasis and leptin resistance. Frontiers in Neuroendocrinology 24:225–253
DOI 10.1016/j.yfrne.2003.10.001.

Sato A, Saruta T. 2003. Aldosterone breakthrough during angiotensin-converting
enzyme inhibitor therapy. American Journal of Hypertension 16:781–788
DOI 10.1016/s0895-7061(03)00913-0.

Sato A, Saruta T, Funder JW. 2006. Combination therapy with aldosterone blockade
and renin-angiotensin inhibitors confers organ protection. Hypertension Research
29:211–216 DOI 10.1291/hypres.29.211.

Schleicher ED,Weigert C. 2000. Role of the hexosamine biosynthetic pathway in diabetic
nephropathy. Kidney International 77:S13–S18.

Woodhams et al. (2021), PeerJ, DOI 10.7717/peerj.11070 31/35

https://peerj.com
http://dx.doi.org/10.1371/journal.pone.0060301
http://dx.doi.org/10.1681/ASN.2004110919
http://dx.doi.org/10.1038/s41598-018-36344-w
http://dx.doi.org/10.1093/cvr/cvn184
http://dx.doi.org/10.1161/01.HYP.0000230444.01215.6a
http://dx.doi.org/10.3389/fendo.2018.00672
http://dx.doi.org/10.1007/s12011-019-01687-6
http://dx.doi.org/10.1016/j.yfrne.2003.10.001
http://dx.doi.org/10.1016/s0895-7061(03)00913-0
http://dx.doi.org/10.1291/hypres.29.211
http://dx.doi.org/10.7717/peerj.11070


Sechi LA, Novello M, Lapenna R, Baroselli S, Nadalini E, Colussi GL, Catena C. 2006.
Long-term renal outcomes in patients with primary aldosteronism. Journal of the
American Medical Association 295:2638–2645 DOI 10.1001/jama.295.22.2638.

Shan D,WuHM, Yuan QY, Li J, Zhou RL, Liu GJ. 2012. Pentoxifylline for dia-
betic kidney disease. Cochrane Database of Systematic Reviews 2:CD006800
DOI 10.1002/14651858.CD006800.pub2.

Sharma K. 2017.Mitochondrial dysfunction in the diabetic kidney. Advances in Experi-
mental Medicine and Biology 982:553–562
DOI 10.1007/978-3-319-55330-6_28.

Sharma K, Karl B, Mathew AV, Gangoiti JA, Wassel CL, Saito R, PuM, Sharma S, You
YH,Wang L, Diamond-Stanic M, Lindenmeyer MT, Forsblom C,WuW, Ix JH,
Ideker T, Kopp JB, Nigam SK, Cohen CD, Groop PH, Barshop BA, Natarajan L,
NyhanWL, Naviaux RK. 2013.Metabolomics reveals signature of mitochondrial
dysfunction in diabetic kidney disease. Journal of the American Society of Nephrology
24:1901–1912 DOI 10.1681/ASN.2013020126.

Shibata S, Ishizawa K, Uchida S. 2017.Mineralocorticoid receptor as a therapeutic target
in chronic kidney disease and hypertension. Hypertension Research 40:221–225
DOI 10.1038/hr.2016.137.

Sifuentes-Franco S, Padilla-Tejeda DE, Carrillo-Ibarra S, Miranda-Diaz AG. 2018.
Oxidative stress, apoptosis, and mitochondrial function in diabetic nephropathy.
International Journal of Endocrinology 2018:1875870
DOI 10.1155/2018/1875870.

Skrunes R, Svarstad E, Reisaeter AV, Vikse BE. 2014. Familial clustering of ESRD in
the Norwegian population. Clinical Journal of the American Society of Nephrology
9:1692–1700 DOI 10.2215/CJN.01680214.

Soler MJ, Wysocki J, Ye M, Lloveras J, Kanwar Y, Batlle D. 2007. ACE2 inhibi-
tion worsens glomerular injury in association with increased ACE expression
in streptozotocin-induced diabetic mice. Kidney International 72:614–623
DOI 10.1038/sj.ki.5002373.

Song KH, Jeong JS, KimMK, KwonHS, Baek KH, Ko SH, Ahn YB. 2019. Discordance
in risk factors for the progression of diabetic retinopathy and diabetic nephropathy
in patients with type 2 diabetes mellitus. Journal of Diabetes Investigation 10:745–752
DOI 10.1111/jdi.12953.

Srivastava SP, Shi S, Koya D, Kanasaki K. 2014. Lipid mediators in diabetic nephropa-
thy. Fibrogenesis Tissue Repair 7:12 DOI 10.1186/1755-1536-7-12.

Stark GR, Darnell Jr JE. 2012. The JAK-STAT pathway at twenty. Immunity 36:503–514
DOI 10.1016/j.immuni.2012.03.013.

Stern DM, Yan SD, Yan SF, Schmidt AM. 2002. Receptor for advanced glycation
endproducts (RAGE) and the complications of diabetes. Ageing Research Reviews
1:1–15 DOI 10.1016/s0047-6374(01)00366-9.

Sun J, Zhu H,Wang X, Gao Q, Li Z, Huang H. 2019. CoQ10 ameliorates mitochondrial
dysfunction in diabetic nephropathy through mitophagy. Journal of Endocrinology
240:445–465 DOI 10.1530/JOE-18-0578.

Woodhams et al. (2021), PeerJ, DOI 10.7717/peerj.11070 32/35

https://peerj.com
http://dx.doi.org/10.1001/jama.295.22.2638
http://dx.doi.org/10.1002/14651858.CD006800.pub2
http://dx.doi.org/10.1007/978-3-319-55330-6_28
http://dx.doi.org/10.1681/ASN.2013020126
http://dx.doi.org/10.1038/hr.2016.137
http://dx.doi.org/10.1155/2018/1875870
http://dx.doi.org/10.2215/CJN.01680214
http://dx.doi.org/10.1038/sj.ki.5002373
http://dx.doi.org/10.1111/jdi.12953
http://dx.doi.org/10.1186/1755-1536-7-12
http://dx.doi.org/10.1016/j.immuni.2012.03.013
http://dx.doi.org/10.1016/s0047-6374(01)00366-9
http://dx.doi.org/10.1530/JOE-18-0578
http://dx.doi.org/10.7717/peerj.11070


Susztak K, Raff AC, Schiffer M, Bottinger EP. 2006. Glucose-induced reactive oxygen
species cause apoptosis of podocytes and podocyte depletion at the onset of diabetic
nephropathy. Diabetes 55:225–233.

ThomasMC. 2017. The potential and pitfalls of GLP-1 receptor agonists for renal
protection in type 2 diabetes. Diabete et Metabolisme 43(Supp 1):2S20–22S27
DOI 10.1016/S1262-3636(17)30069-1.

Tikellis C, Bialkowski K, Pete J, Sheehy K, Su Q, Johnston C, Cooper ME, Thomas
MC. 2008. ACE2 deficiency modifies renoprotection afforded by ACE inhibition in
experimental diabetes. Diabetes 57:1018–1025 DOI 10.2337/db07-1212.

Tuttle KR, Bakris GL, Toto RD, McGill JB, Hu K, Anderson PW. 2005. The effect of
ruboxistaurin on nephropathy in type 2 diabetes. Diabetes Care 28:2686–2690
DOI 10.2337/diacare.28.11.2686.

Vasavada N, Agarwal R. 2005. Role of oxidative stress in diabetic nephropathy. Advances
in Chronic Kidney Disease 12:146–154.

Vazquez G, Duval S, Jacobs Jr DR, Silventoinen K. 2007. Comparison of body mass
index, waist circumference, and waist/hip ratio in predicting incident diabetes: a
meta-analysis. Epidemiologic Reviews 29:115–128
DOI 10.1093/epirev/mxm008.

Venkatakrishnan AJ, Deupi X, Lebon G, Heydenreich FM, Flock T, Miljus T, Balaji
S, Bouvier M, Veprintsev DB, Tate CG, Schertler GF, BabuMM. 2016. Diverse
activation pathways in class A GPCRs converge near the G-protein-coupling region.
Nature 536:484–487 DOI 10.1038/nature19107.

Vikram Rao A, Vasanth Rao LB, Tan SH, CandasamyM, Bhattamisra SK. 2019.
Diabetic nephropathy: an update on pathogenesis and drug development. Diabetes
and Metabolic Syndrome 13:754–762 DOI 10.1016/j.dsx.2018.11.054.

Vlassara H, Li YM, Imani F, Wojciechowicz D, Yang Z, Liu FT, Cerami A. 1995. Iden-
tification of galectin-3 as a high-affinity binding protein for advanced glycation end
products (AGE): a new member of the AGE-receptor complex.Missouri Medicine
1:634–646.

Vukadinovic D, Lavall D, Vukadinovic AN, Pitt B, Wagenpfeil S, BohmM. 2017.
True rate of mineralocorticoid receptor antagonists-related hyperkalemia in
placebo-controlled trials: a meta-analysis. American Heart Journal 188:99–108
DOI 10.1016/j.ahj.2017.03.011.

Wang Y, Li H, Song SP. 2018. beta-arrestin 1/2 aggravates podocyte apoptosis of diabetic
nephropathy via wnt/beta-catenin pathway.Medical Science Monitor 24:1724–1732
DOI 10.12659/msm.905642.

Watatani H, Maeshima Y, Hinamoto N, Yamasaki H, Ujike H, Tanabe K, Sugiyama
H, Otsuka F, Sato Y, Makino H. 2014. Vasohibin-1 deficiency enhances renal
fibrosis and inflammation after unilateral ureteral obstruction. Physiological Reports
2:e12045 DOI 10.14814/phy2.12054.

Wharram BL, Goyal M,Wiggins JE, Sanden SK, Hussain S, FilipiakWE, Saunders TL,
Dysko RC, Kohno K, Holzman LB,Wiggins RC. 2005. Podocyte depletion causes
glomerulosclerosis: diphtheria toxin-induced podocyte depletion in rats expressing

Woodhams et al. (2021), PeerJ, DOI 10.7717/peerj.11070 33/35

https://peerj.com
http://dx.doi.org/10.1016/S1262-3636(17)30069-1
http://dx.doi.org/10.2337/db07-1212
http://dx.doi.org/10.2337/diacare.28.11.2686
http://dx.doi.org/10.1093/epirev/mxm008
http://dx.doi.org/10.1038/nature19107
http://dx.doi.org/10.1016/j.dsx.2018.11.054
http://dx.doi.org/10.1016/j.ahj.2017.03.011
http://dx.doi.org/10.12659/msm.905642
http://dx.doi.org/10.14814/phy2.12054
http://dx.doi.org/10.7717/peerj.11070


human diphtheria toxin receptor transgene. Journal of the American Society of
Nephrology 16:2941–2952 DOI 10.1681/ASN.2005010055.

Wolf G, Chen S, Ziyadeh FN. 2005. From the periphery of the glomerular capillary wall
toward the center of disease: podocyte injury comes of age in diabetic nephropathy.
Diabetes 54:1626–1634 DOI 10.2337/diabetes.54.6.1626.

WuTE, Chen YH, Chen HS. 2014. Effects of glucose and blood pressure control on
diabetic kidney disease in old patients with type 2 diabetes. Diabetology & Metabolic
Syndrome 6:81 DOI 10.1186/1758-5996-6-81.

Xu B, Sun J, Deng X, Huang X, SunW, Xu Y, XuM, Lu J, Bi Y. 2013. Low serum
magnesium level is associated with microalbuminuria in chinese diabetic patients.
International Journal of Endocrinology 2013:580685
DOI 10.1155/2013/580685.

Yamagishi S, Fukami K, Ueda S, Okuda S. 2007.Molecular mechanisms of diabetic
nephropathy and its therapeutic intervention. Current Drug Targets 8:952–959
DOI 10.2174/138945007781386884.

Yamaguchi Y, IwanoM, Suzuki D, Nakatani K, Kimura K, Harada K, Kubo A, Akai
Y, ToyodaM, Kanauchi M, Neilson EG, Saito Y. 2009. Epithelial-mesenchymal
transition as a potential explanation for podocyte depletion in diabetic nephropathy.
American Journal of Kidney Diseases 54:653–664
DOI 10.1053/j.ajkd.2009.05.009.

Yan LJ. 2018. Redox imbalance stress in diabetes mellitus: role of the polyol pathway.
Animal Models and Experimental Medicine 1:7–13 DOI 10.1002/ame2.12001.

Yang CW, Park JT, Kim YS, Kim YL, Lee YS, Oh YS, Kang SW. 2011. Prevalence of
diabetic nephropathy in primary care type 2 diabetic patients with hypertension:
data from the Korean Epidemiology Study on Hypertension III (KEY III study).
Nephrology, Dialysis, Transplantation 26:3249–3255 DOI 10.1093/ndt/gfr011.

Yang L, Zhou X, Luo Y, Sun X, Tang Y, GuoW, Han X, Ji L. 2012. Association between
KCNJ11 gene polymorphisms and risk of type 2 diabetes mellitus in East Asian
populations: a meta-analysis in 42,573 individuals.Molecular Biology Reports
39:645–659 DOI 10.1007/s11033-011-0782-6.

Yang S, Zheng Y, Hou X. 2019. Lipoxin A4 restores oxidative stress-induced vas-
cular endothelial cell injury and thrombosis-related factor expression by its
receptor-mediated activation of Nrf2-HO-1 axis. Cellular Signalling 60:146–153
DOI 10.1016/j.cellsig.2019.05.002.

Yang X,Wang X, Nie F, Liu T, Yu X,Wang H, Li Q, Peng R, Mao Z, Zhou Q, Li G.
2015.miR-135 family members mediate podocyte injury through the activation of
Wnt/beta-catenin signaling. International Journal of Molecular Medicine 36:669–677
DOI 10.3892/ijmm.2015.2259.

Yuan Y, Sun H, Sun Z. 2017. Advanced glycation end products (AGEs) increase renal
lipid accumulation: a pathogenic factor of diabetic nephropathy (DN). Lipids in
Health and Disease 16:126 DOI 10.1186/s12944-017-0522-6.

Woodhams et al. (2021), PeerJ, DOI 10.7717/peerj.11070 34/35

https://peerj.com
http://dx.doi.org/10.1681/ASN.2005010055
http://dx.doi.org/10.2337/diabetes.54.6.1626
http://dx.doi.org/10.1186/1758-5996-6-81
http://dx.doi.org/10.1155/2013/580685
http://dx.doi.org/10.2174/138945007781386884
http://dx.doi.org/10.1053/j.ajkd.2009.05.009
http://dx.doi.org/10.1002/ame2.12001
http://dx.doi.org/10.1093/ndt/gfr011
http://dx.doi.org/10.1007/s11033-011-0782-6
http://dx.doi.org/10.1016/j.cellsig.2019.05.002
http://dx.doi.org/10.3892/ijmm.2015.2259
http://dx.doi.org/10.1186/s12944-017-0522-6
http://dx.doi.org/10.7717/peerj.11070


Zemer D, Pras M, Sohar E, ModanM, Cabili S, Gafni J. 1986. Colchicine in the preven-
tion and treatment of the amyloidosis of familial Mediterranean fever. New England
Journal of Medicine 314:1001–1005 DOI 10.1056/NEJM198604173141601.

Zhang H, LuoW, Sun Y, Qiao Y, Zhang L, Zhao Z, Lv S. 2016.Wnt/beta-catenin
signaling mediated-UCH-L1 expression in podocytes of diabetic nephropathy.
International Journal of Molecular Sciences 17:1404 DOI 10.3390/ijms17091404.

Zhang ZY, Dodd GT, Tiganis T. 2015. Protein tyrosine phosphatases in hypothalamic
insulin and leptin signaling. Trends In Pharmacological Sciences 36:661–674
DOI 10.1016/j.tips.2015.07.003.

Zhou Y, Qi C, Li S, Shao X, Ni Z. 2019. Investigation of the mechanism underlying
calcium dobesilate-mediated improvement of endothelial dysfunction and in-
flammation caused by high glucose.Mediators of Inflammation 2019:9893682
DOI 10.1155/2019/9893682.

Ziyadeh FN,Wolf G. 2008. Pathogenesis of the podocytopathy and proteinuria in
diabetic glomerulopathy. Current Diabetes Reviews 4:39–45.

Woodhams et al. (2021), PeerJ, DOI 10.7717/peerj.11070 35/35

https://peerj.com
http://dx.doi.org/10.1056/NEJM198604173141601
http://dx.doi.org/10.3390/ijms17091404
http://dx.doi.org/10.1016/j.tips.2015.07.003
http://dx.doi.org/10.1155/2019/9893682
http://dx.doi.org/10.7717/peerj.11070

