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Abstract Diabetic nephropathy (DN) is a leading cause

of end stage renal failure and there is an urgent need to

identify new clinical biomarkers and targets for treatment

to effectively prevent and slow the progression of the

complication. Many lines of evidence show that inflam-

mation is a cardinal pathogenetic mechanism in DN.

Studies in animal models of experimental diabetes have

demonstrated that there is a low-grade inflammation in the

diabetic kidney. Both pharmacological and genetic strate-

gies targeting inflammatory molecules have been shown to

be beneficial in experimental DN. In vitro studies have cast

light on the cellular mechanisms whereby diabetes triggers

inflammation and in turn inflammation magnifies the kid-

ney injury. Translation of this basic science knowledge into

potential practical clinical applications is matter of great

interest for researchers today. This review focuses on key

pro-inflammatory systems implicated in the development

of DN: the tumor necrosis factor(TNF)-a/TNF-a receptor

system, the monocyte chemoattractant protein-1/CC-che-

mokine receptor-2 system, and the Endocannabinoid sys-

tem that have been selected as they appear particularly

promising for future clinical applications.

Keywords Diabetic nephropathy � Albuminuria �MCP-1 �
CCR2 � Chemokines � Endocannabinoids � TNF-a �
Biomarkers � Podocytes � Mesangial cells

Introduction

Diabetic nephropathy (DN) affects around 30 % of diabetic

patients and is a leading cause of end stage renal failure

(ESRD) in the Western World. Furthermore, the cardio-

vascular risk of diabetic patients raises progressively as DN

develops and most of patients with DN die for cardiovas-

cular events [1].

Increased glomerular permeability to proteins is a char-

acteristic feature of the complication and albuminuria is a

well-established clinical biomarker of DN. However, recent

studies have shown that albuminuria is a less precise pre-

dictor of overt nephropathy risk than originally thought and

the clinical relevance of albuminuria as a surrogate outcome

in chronic kidney disease (CKD) has not been confirmed

[2–4]. In addition, a substantial percentage of diabetic

patients develops CKD, while remaining normoalbuminu-

ric, and reliable biomarkers are lacking in this subset of

patients [5, 6]. There is thus increasing quest to find novel

clinical biomarkers, other than albuminuria, to identify

individuals at risk of DN both onset and progression.

Both hyperglycemia and glomerular hypertension are

key determinants in the pathogenesis of functional and

structural abnormalities of DN [7–10] that comprise

excessive mesangial matrix deposition, resulting in glo-

merulosclerosis and renal function decline, and podocyte

abnormalities, leading to albuminuria. Current strategies

for DN treatment focus on achieving optimal glycaemic

control, blood pressure lowering, and blockade of the renin

angiotensin system (RAS) [1]. The Steno-2 trial has shown

that intensive multifactorial intervention, using all the

currently available therapeutic strategies, was effective in

reducing the progression from microalbuminuria to overt

DN. However, 20 % of intensively treated patients still

developed clinical nephropathy over the 7.8-year follow-up
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period, despite optimal treatment [11]. Therefore, it would

be important to identify new mediators and thus novel

potential targets for treatment to tackle this high residual

risk.

Major obstacles in identifying novel biomarkers and

therapeutic tools in DN are the limited availability of

human histological data as kidney biopsies are rarely per-

formed for clinical purposes, the lack of suitable experi-

mental animal models of DN, and the existence of distinct

forms of the complication (classical albuminuric/non-

albuminuric DN) that likely differ in biomarkers and tar-

gets for treatment.

In recent years, growing evidence has emphasized the

critical role of inflammation in both the pathogenesis and

the progression of DN. As detailed below, renal monocyte

infiltration occurs in both human and experimental DN.

Expression of cell adhesion molecules, chemokines, and

pro-inflammatory cytokines is increased in the renal tissues

of diabetic patients. Strategies targeted to reduce inflam-

matory processes either attenuate or prevent the develop-

ment of kidney injury in animal models of DN, establishing

a causal relationship between inflammation and DN.

Whether this line of research will lead to the identification

of novel clinical biomarkers and/or therapeutic applications

in humans is unknown, but there is increasing interest on its

potential future clinical developments.

Micro-inflammation in DN

Inflammation is characterized by inflammatory cell

accrual, increased expression of adhesion molecules, che-

mokines, and inflammatory cytokines. These features are

seen in DN, though they are quite mild compared with

classic inflammatory diseases. Therefore, the low-grade

inflammation that occurs in DN is termed ‘‘microinflam-

mation’’ to distinguish it from classic inflammation.

In human DN, there is a glomerular infiltration of

monocytes/macrophages, which is not secondary to fibrosis

as it occurs in mild and moderate glomerulosclerosis and

recedes as sclerosis progresses [12]. In addition, tubulo-

interstitial damage triggers an inflammatory response with

mononuclear cell infiltration that is strongly related to dis-

ease progression [13]. Studies in experimental diabetes have

clarified that macrophage infiltration occurs at an early stage

of the disease and correlates with renal injury [14–16].

Deletion of genes encoding proteins crucial in driving renal

monocyte recruitment such as the chemokine monocyte

chemoattractant protein-1 and the adhesion molecule

intercellular adhesion molecule-1 (ICAM-1) prevents the

development of kidney injury in experimental diabetes [17,

18]. Moreover, a causal link between macrophages and renal

damage has been recently established by demonstrating that

macrophage depletion significantly reduces albuminuria,

kidney macrophage recruitment, and glomerular histologi-

cal changes and preserves expression of podocyte proteins,

such as nephrin and podocin, important in maintaining

glomerular permselectivity [19].

The mechanism whereby macrophages contributes to

the renal damage in DN remains elusive; however, acti-

vated macrophages are capable of secreting a wide range of

potentially cytotoxic products, including proteolytic

enzymes and reactive oxygen species (ROS), as well as

both pro-inflammatory [tumor necrosis factor-a (TNF-a),

interferon-c (IFN-c), interleukin-1 (IL-1)], and prosclerotic

[transforming growth factor-b1 (TGF-b1)] cytokines that

can contribute to renal cell dysfunction/injury. Consistent

with this notion, in vitro studies have shown that mesangial

cell exposure to macrophage-conditioned medium increa-

ses expression of extracellular matrix components [20],

such as fibronectin, collagen type IV, laminin, and tissue

inhibitor of metalloproteinases, which inhibits extracellular

matrix degradation. In addition, coculture of macrophages

and mesangial cells leads to a synergistic increase in

fibronectin production by mesangial cells [20]. Studies on

cultured podocytes have demonstrated that podocyte

exposure to conditioned medium from activated macro-

phages causes cell shrinkage, disorganization of F-actin

microfilaments, loss of cell processes, and downregulation

of both nephrin and podocin [21]. The specific factor

secreted by macrophages, which is responsible for these

alterations is often undetermined, but the pro-inflammatory

cytokines TNF-a and IL-1 appear to play a predominant

role. Finally, the direct physical interaction between

monocytes/macrophages and glomerular cells via the

adhesion molecule ICAM-1 [22] can amplify the inflam-

matory process by favoring glomerular monocyte infiltra-

tion through chemokine secretion and by enhancing the

release of inflammatory cytokines by both cell types.

Besides enhancing renal monocyte recruitment, diabetes

also affects the phenotype of macrophages. Infiltrating

macrophages can polarize toward either pro-inflammatory

M1 macrophages that play a key role in tissue injury or

anti-inflammatory M2 macrophages that are important in

tissue repair. In experimental diabetes, both subsets of

macrophages are increased in the diabetic kidney, though

M1 macrophages appear predominant [19, 23, 24]. In

addition, a recent in vitro study has demonstrated that M1,

but not M2, macrophages impair integrity of podocyte

exposed to high glucose, leading to enhanced permeability

to albumin [19]. Strategies that increase M2 macrophages

relative to M1 at sites of kidney injury have been proposed

for renal protection [25]. Notably adoptive transfer of M2

macrophages to mice with streptozotocin (STZ)-induced

diabetes has been shown to decrease both renal macro-

phage accumulation and kidney damage [26].
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Given the important role of micro-inflammation in the

pathogenesis of DN, a large number of inflammatory

mediators have been investigated to assess their potential

relevance as clinical biomarkers and/or molecular targets in

DN. These studies have clarified that some pro-inflamma-

tory systems not only control infiltration and activation of

inflammatory cells and thus indirectly contribute to the

kidney damage, but they also have direct deleterious effects

on resident kidney cells that occur independently of local

monocyte accrual, opening an entirely new scenario in our

understanding of the role of inflammatory processes in DN

and in our possibility to exploit it for clinical purposes

(Fig. 1). In this review, we will specifically focus on three

of these pro-inflammatory systems: the tumor necrosis

factor(TNF)-a/TNF-a receptor system, the monocyte che-

moattractant protein-1/CC-chemokine receptor-2 system,

and the endocannabinoid system (ECS) as recent studies

have highlighted their potential clinical relevance in DN.

TNF-a has long been implicated in the pathogenesis of DN,

but recent epidemiological studies suggest that TNF-a
receptors may also serve as novel biomarkers of renal

function decline. Convincing preclinical data have dem-

onstrated that blockade of the MCP-1/CCR2 system is

beneficial in experimental diabetes, but phase I and II trials

have only recently provided preliminary evidence of

effectiveness and safety in humans. The ECS has been

extensively studied in both obese and type 2 diabetic

patients because of its important metabolic effects, but a

previously unsuspected role of the ECS in DN has been only

recently elucidated.

The TNF-a/TNF-a receptor system

Tumor necrosis factor a (TNF-a) is a type II transmem-

brane protein of 26 kDa that can be cleaved by the me-

talloprotease TNF-a-converting enzyme (TACE) to a

17 kDa TNF-a soluble form. TNF-a binds to TNF-a
receptor 1 and 2 (TNFR1, TNFR2). TNFR1 is expressed on

almost all cell types, is activated via both membrane-bound

and soluble TNF-a, and is a potent inducer of apoptosis and

activation of the transcription factor NF-jB. TNFR2 is

expressed only in specific cell types, is predominantly

activated by membrane-bound TNF-a, and induces a long-

lasting NF-jB activation. Both TNFRs are shed from the

cell surface and released into circulation as functional

soluble forms that may represent a buffer system that

prolong TNF-a biological actions or function as decoys for

TNF-a [27]. Potentially relevant effects of TNF-a in DN

include expression of adhesion molecules and chemokines

[28], citotoxicity and apoptosis/necroptosis of susceptible

cells [29, 30], alterations of intraglomerular blood flow and

GFR, increased endothelial permeability [31], and induc-

tion of oxidative stress [32].

Infiltrating monocytes/macrophages are a major source

of TNF-a in the diabetic kidney [33]. Furthermore,

Fig. 1 Central role of TNF-a
and MCP-1 in the inflammatory

cascade leading to diabetes-

associated renal injury.

Exposure of kidney cells to

diabetes-related insults, such as

hyperglycemia, advanced

glycation end products (AGEs),

glomerular hypertension, and

angiotensin II (Ang-II), induces

activation of the pro-

inflammatory transcription

factor NF-jB that enhances

TNF-a and MCP-1 expression.

The inflammatory cytokine

TNF-a and the chemokine

MCP-1 interact at multiple

levels and can contribute to

renal cell injury both directly by

binding to their receptors

exposed by renal cells (dotted

red line) and indirectly through

local recruitment and activation

of inflammatory cells

(continuous red line)
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mesangial cells [34], podocytes [35], and tubular epithelial

cells [36] can also release TNF-a upon stimulation and both

hyperglycemia and AGE are potent TNF-a inducers in

resident renal cells [37, 38]. TNFR1 is expressed by all

resident kidney cells, while TNFR2 expression, which is

almost undetectable in normal kidneys, raises in patholog-

ical conditions, including DN [39]. Studies in experimental

diabetes have shown that TNF-a expression is increased in

diabetic kidneys [40] in both the glomerulus and the tubulo-

interstitium. Furthermore, administration of infliximab, a

chimeric monoclonal antibody directed against TNF-a,

markedly reduces albuminuria in STZ-induced diabetic rat

[41]. Finally, TNF-a, inhibition with a soluble TNFR2

fusion protein (etanercept) improves the early stage of DN

in the type 2 diabetic model of the KK-Ay mouse [39].

Taken together, these data provide evidence for a role of

TNF-a in the pathogenesis of experimental DN.

In the kidney TNF-a can trigger and magnify the

inflammatory processes by increasing the expression of

adhesion molecules [42] and by inducing the release of

both chemokines [43–46], and macrophage colony-stimu-

lating factor [47]. Therefore, TNF-a is a major inducer and

driver of renal micro-inflammation. Overexpression of both

adhesion molecules and chemokines has also been

observed in isolated glomeruli, indicating that TNF-a
induces these pro-inflammatory effects by binding to

TNFR exposed by resident cells [48].

TNF-a, released by either infiltrating or resident cells,

can also directly contribute to the renal damage in DN and

in vitro studies on glomerular cells have partially clarified

the underlying cellular mechanisms. In cultured mesangial

cells, TNF-a enhances oxidative stress by inducing ROS

production [32], increases cytotoxicity through nitric oxide

production [49], and acts synergistically with the proscle-

rotic cytokine TGF-b1 in promoting deposition of extra-

cellular matrix components by increasing expression of

both fibronectin and TIMP-1 [50]. The role of TNF-a in

promoting oxidative stress has also been highlighted by a

recent study showing that TNF-a activates NADPH oxi-

dase in isolated glomeruli and prompts the local ROS

generation via a phosphodiesterase-dependent mechanism

[51]. In cultured podocytes, TNF-a lowers nephrin pro-

moter activity leading to reduced nephrin gene expression

[52] via activation of the PI3K/Akt pathway [53] and

induces a rapid and reversible redistribution and loss of

nephrin from the podocyte cell surface [54], probably

through a reorganization of actin cytoskeleton and focal

adhesions [55]. Of interest, TNF-a also compromises cell

viability of podocytes through a decrease in Akt activity

and this occurs specifically in podocytes from diabetic db/

db mice [56]. These preclinical studies, which demonstrate

the importance of TNF-a in experimental DN, have

prompted studies in humans to assess the potential

relevance of TNF-a as target for therapy and/or clinical

biomarker.

TNF-a/TNF-a receptor system as therapeutic target

Over the last decade, a number of new ways to inhibit the

actions of TNF-a have been developed including mono-

clonal antibodies (e.g., infliximab), circulating receptor

fusion proteins (e.g., etanercept), and small molecule

inhibitors (e.g., pentoxyphyline, bupropion, and 5-HT2a

agonists). Among them pentoxifylline (PTF) is a methyl

xanthine derivative that functions in vivo as a phosphodi-

esterase inhibitor with anti-TNF-a properties. Specifically,

PTF inhibits both TNF-a gene transcription and TNF-a
mRNA accumulation [57, 58]. Small intervention studies

have shown that PTF significantly decreases proteinuria in

both type 1 and type 2 diabetic patients [58, 59], and this

anti-proteinuric effect was associated with a reduction in

circulating TNF-a levels. A recent meta-analysis reviewing

all randomized controlled trials has shown that PTF is an

efficacious anti-proteinuric agent in patients with DN [60].

Finally, an open-label, randomized, 2-year-intervention

trial (PREDIAN) has recently demonstrated that addition

of PTF to RAS blockade reduces eGFR decline and

residual albuminuria in patients with type 2 diabetes and

stages 3–4 CKD [61]. However, these are small studies and

additional research is needed to determine whether PTF

could be a pharmacologic option for delaying or preventing

the development of DN. Given that the primary role of

TNF-a is the regulation of immune cells, any therapy tar-

geting this axis would need to be extensively tested to

define any side effect.

TNF-a/TNF-a receptor system as clinical biomarker

Recently, epidemiological and intervention studies in

humans have shown that TNF-a and its receptors are also

valuable biomarkers in DN. Both TNF-a and TNFRs are

present in the circulation as soluble forms [62]. In patients

with type 2 diabetes, serum TNF-a levels correlate with

albuminuria [63] and urinary TNF-a levels with clinical

markers of DN and disease progression [64]. In the Euro-

diab study, TNF-a levels were associated with diabetic

complications, including DN, and the association between

NT-proBNP and diabetic complications was TNF-a-

dependent [65]. Circulating TNFR2 levels were inversely

and significantly correlated with eGFR in a cross-sectional

study in type 2 diabetic patients [66]. A study examining

serum inflammatory markers for association with GFR in

type 1 diabetic patients without proteinuria has shown that

both TNFRs were cross-sectionally associated with renal

function decline even after adjustment for urinary albumin

excretion [67].
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Recently, longitudinal studies have confirmed that

TNFR1 or TNFR2 are excellent predictors of progressive

kidney disease in patients with a wide variety of stages and

both types of diabetes [68–72] (Table 1). Type 1 diabetic

patients with normo/microalbuminuria and TNFR2 levels

in the highest quartile had a 55 % cumulative incidence of

reaching stage 3 CKD compared with less than a 15 %

incidence for patients with TNFR2 levels in the lower 3

quartiles after 12 years of follow-up [68]. In the Diabetes

Control and Complications Trial (DCCT), both TNFR1 and

TNFR2 were associated with an increased risk for the

development of overt nephropathy [70]. Type 2 diabetic

patients with proteinuria and TNFR1 levels in the highest

quartile had a nearly 80 % cumulative incidence of pro-

gressing to ESKD after 12 years of follow-up, while the

rate was less than 20 % in those with TNFR1 levels in the

lowest 3 quartiles [69]. Collectively these data indicate that

TNFRs hold great promise as biomarkers for renal function

decline in diabetic patients. Consistent with this, a recent

prospective study performed on the FinnDiane cohort has

shown that TNRF1 is independently associated with the

cumulative incidence of ESRD and has an added value as a

biomarker of ESRD risk in patients with type 1 diabetes

with macroalbuminuria [71]. However, prolonged longi-

tudinal studies are needed to validate these biomarkers in a

broad range of populations prior to implementation in

routine diabetes management.

The MCP-1/CCR2 system

MCP-1 (also known as CCL2), the most thoroughly char-

acterized CC chemokine, is secreted by mononuclear cells

and by a variety of mesenchymal cells, including renal

resident cells, and regulates the recruitment and activation

of monocytes by binding to CC-chemokine receptor-2

(CCR2). In experimental settings, enhanced expression of

MCP-1 has been demonstrated within the diabetic glome-

ruli. This occurs in an early phase of the disease, but per-

sists during disease progression and correlates with

macrophage infiltration [14, 18, 23, 73]. Upregulation of

MCP-1 was also observed in tubular cells in both

Table 1 Circulating TNF-a
receptors as biomarker of

diabetic nephropathy:

longitudinal studies

OD odds ratio, HR hazard ratio,

CI confidence interval, FU

follow-up, T1DM type 1

diabetes, T2DM type 2 diabetes,

TNFR TNF-a receptor 1, TNFR2

TNF-a receptor 2, CVD

cardiovascular diseases, CKD

chronic kidney disease, ESRD

end stage renal disease
a Modeled as a -0.5 fractional

polynomial

Author Study and

design

Study

population

N� Biomarker Event Adjusted OR/

HR (95 % CI)

Lin et al.

[72]

Prospective

Study

(11 years

FU)

Women with

T2DM

516 TNFR2 eGFR loss more

than 25 %

4th TNFR2

quartile vs. 1st

quartile OR

5.81

(2.90–11.65)

Gohda

et al.

[68]

Joslin Clinic

Cohort

Prospective

Study

(12 years

FU)

T1DM,

normal renal

function, no

proteinuria

628 TNRF2 Incident stage 3

CKD

4th TNFR2

quartile vs. 1st

quartile HR

3.0 (1.7–5.5)

Niewczas

et al.

[69]

Joslin Clinic

Cohort

Prospective

Study

(12 years

FU)

T2DM with

proteinuria

410 TNFR1 Incident ESRD 4th TNFR1

quartile vs. 1st

quartile HR

4.7 (1.3–17)

Lopes-

Virella

et al.

[70]

DCCT/EDIC

Prospective

Study

(12 years

FU)

T1DM

without

albuminuria

and CVD

1,237 TNFR1 Macroalbuminuria TNFR1: HR

1.38

(1.08–1.76)

per SD

TNFR2 TNFR2: HR

1.34

(1.06–1.71)

per SD

Forsblom

et al.

[71]

FinnDiane

Prospective

Study

(9.4 years

FU)

T1DM with

overt

nephropathy

429 TNFR1 Incident ESRD HR 0.01

(0.01–0.01)a
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experimental diabetes and human DN [18, 74]. Further-

more, glomerular expression of CCR2 is strongly upregu-

lated in renal biopsies from type 2 diabetic patients with

overt nephropathy and closely correlates with the extent

of proteinuria [75], indicating that in DN there is an

increase in both expression of MCP-1 and responsiveness

to MCP-1.

In vitro studies have clarified that diabetes-related

insults, such as high glucose [76–81], advanced glycation

end products (AGEs) [82–84], angiotensin II [85],

mechanical stretch [85], which mimics glomerular capil-

lary hypertension, and TGF-b1 [86, 87] are potent MCP-1

inducers in glomerular cells, providing a cellular mecha-

nism for MCP-1 upregulation. Inflammatory cytokines also

contribute as both IL-1 and TNF-a can enhance MCP-1

expression [44, 47, 88]. Furthermore, in established DN

both excess mesangial matrix deposition and plasma pro-

tein leaking from injured glomeruli may further increase

MCP-1 expression [89] as mesangial cell adhesion to

extracellular matrix components promotes MCP-1 expres-

sion and protein overload up-regulates MCP-1 expression

in tubular cells [90, 91]. The transcription factor NF-jB is

a convergence point for insults inducing MCP-1 overex-

pression. Consistently, we have shown that a ligand of

peroxisome proliferator-activated receptor-c prevents

MCP-1 secretion in response to both stretch and high

glucose by inhibiting NF-jB activity [85].

Local recruitment/activation of monocytes/macrophages

is considered the predominant way by which MCP-1 con-

tributes to the pathogenesis and the progression of DN

through the mechanisms described above. However, we

have demonstrated that direct effects of MCP-1 on glo-

merular cells also play an important role [92]. The MCP-1

receptor CCR2 is exposed by resident glomerular cells both

in vitro [75, 93, 94] and in vivo [75, 94, 95]. In mesangial

cells MCP-1 binding to CCR2 induces ICAM-1 upregula-

tion and has thus a direct pro-inflammatory activity [93].

Furthermore, it enhances fibronectin production through a

NF-jB-TGF-b1-dependent mechanism, resulting in pro-

sclerotic effects [96]. Finally, MCP-1 mediates at least in

part high glucose-induced TGF-b1, fibronectin, and colla-

gen type IV production [97]. There is also evidence that

MCP-1 has direct deleterious effects in podocytes as acti-

vation of the CCR2 receptor by MCP-1 downregulates

nephrin expression via a CCR2-Rho-kinase-dependent

mechanism [75], enhances apoptosis via TGF-b1 [98], and

is the mediator of high glucose-induced podocyte apoptosis

[98]. MCP-1 also promotes podocyte migration [94] that is

of relevance in the setting of diabetes as podocyte foot

process effacement is considered a migratory event. Con-

sistently, TGF-b has been shown to induce expression of

MCP-1 in cultured podocytes and MCP-1, in turn, causes

rearrangement of the actin cytoskeleton, cellular motility,

and increased podocyte permeability to albumin [81].

Taken together these data indicate that MCP-1 can directly

induce pleiotropic effects on resident glomerular cells that

may contribute to the development of the phenotypic

abnormalities characteristic of DN.

Studies in experimental diabetes have convincingly

demonstrated the causative role of MCP-1 in the patho-

genesis of DN. We and others have shown that deletion of

the MCP-1 gene prevents the development of albuminuria

and the rise in serum creatinine in STZ-induced diabetic

mice [18, 75] and significantly reduces albumin leakage in

obese ob/ob diabetic animals [24]. Furthermore, we found

that nephrin downregulation was completely prevented [75]

and overexpression of both fibronectin and collagen type IV

significantly reduced in STZ-induced diabetic mice lacking

MCP-1 [96], providing a mechanism for the anti-proteinuric

and renoprotective effect of MCP-1 deprivation. Consis-

tently, gene transfer of the 7ND gene, a N-terminal deletion

mutant of human MCP-1, ameliorates glomerulosclerosis in

iNOS transgenic diabetic mice [99] and attenuates diabetes-

induced glomerular hypertrophy, and glomerulosclerosis in

STZ-induced diabetic rats [100]. An alternative approach

used to lower MCP-1 signalling is to block the MCP-1

receptor CCR2. In keeping with studies directly targeting

MCP-1, diabetic CCR2 knockout mice show less albu-

minuria and reduced expression of both fibronectin and

inflammatory cytokines [101]. More recently, oral CCR2

antagonists, such as RS504393, RS102895, RO5234444,

TLK-19705, have been shown to ameliorate DN functional/

structural alterations in both Ins2Akita mice and db/db mice

by reducing macrophage infiltration, inflammation, oxida-

tive stress, and fibrosis [102–104]. Finally, treatment with

CCX140-B that, at variance with other CCR2 antagonists,

does not rise MCP-1 circulating levels has been shown to

ameliorate glomerular hypertrophy, podocyte loss, and

renal function in experimental DN [105]. Blood glucose

control is, however, improved by CCR2 antagonists and

likely contributes to the clinical benefit [106]. Collectively

these preclinical data strongly support the hypothesis of a

key role of the MCP-1/CCR2 in the pathogenesis of DN and

have open the way to studies testing potential clinical

applications in humans. However, agents modulating the

MCP-1/CCR2 may behave differently in two species

because murine MCP-1 is similar to human MCP-1, but not

functionally analogous [107].

MCP-1/CCR2 system as therapeutic target

Whether the MCP-1/CCR2 system is a potential new target

for treatment in humans remains to be proven, but there are

several clinical trials currently testing this hypothesis.

A Phase 2 multicenter study is currently recruiting type 2

diabetic patients with overt nephropathy to evaluate both
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the efficacy and safety of the CCR2/5 antagonist PF-

04634817 that has been previously shown to be safe in

healthy subjects. CCX140-B, a specific CCR2 antagonist,

has been shown to be safe in a Phase 2 clinical trial in type

2 diabetic patients with normal renal function [108] and is

currently tested in two European clinical trials for safety

and efficacy in type 2 diabetic patients with DN. A number

of Phase 1 and Phase 2 clinical trials are ongoing to

investigate the potential therapeutic benefit of anti-MCP-1

Spiegelmer NOX-E36 (an anti-MCP-1-enantiomeric RNA

aptamer) [109] in DN. A randomized, double blind, and

placebo-controlled Phase 2a study has been recently com-

pleted and findings reported at the Late Breaking Clinical

Trials Symposium at the 2014 ERA-EDTA Conference.

These unpublished results show that NOX-36 (emapticap

pegol) added to standard therapy, including RAS blockade,

is well tolerated and reduces both albumin/creatinine ratio

and HbA1c in type 2 diabetics with albuminuria. There is

thus increasing interest in this area of research and tar-

geting the MCP-1/CCR2 system appears a promising novel

therapeutic approach.

MCP-1/CCR2 system as clinical biomarker

Studies assessing the role of MCP-1 as clinical biomarker

of DN have been so far disappointing. Despite increased

expression of MCP-1 in renal tissue, serum MCP-1 values

were comparable in diabetic patients with and without DN

in most of the studies and there was no correlation between

serum MCP-1 levels and either renal structural abnormal-

ities or monocyte infiltration [76, 110, 111]. Binding to

glycosaminoglycan chains on the endothelium is crucial for

MCP-1 actions in vivo as it ensures high local MCP-1

concentrations and local MCP-1 immobilization in the

kidney may explain the lack of elevations of circulating

MCP-1 and the limited value of serum MCP-1 levels as a

marker of DN [112]. On the contrary, urinary MCP-1

concentration is increased in patients with DN and strongly

correlates with levels of albuminuria [76, 113, 114].

However, urinary MCP-1 raises in an advanced stage of the

complication and is not predictive of either onset or

worsening of albuminuria [114]. In a small study per-

formed in macroalbuminuric patients, urinary MCP-1 lev-

els were correlated with the rate of GFR decline [114].

However, further studies are required to assess the potential

clinical relevance of MCP-1 as biomarker of renal function.

The endocannabinoid system

The two endogenous cannabinoids (ECs), anandamide and

2-arachidonoylglycerol (2-AG), bind to the endocannabi-

noid receptor of type 1 (CB1) and type 2 (CB2) that are

coupled to G proteins. The CB1 receptor is expressed

predominantly in the central nervous system [115], but is

also exposed by several other cell types in peripheral tis-

sues where it displays potent oxidative, inflammatory, and

profibrotic activity [116–118]. By contrast, the CB2

receptor is mainly expressed by immune cells and has

strong anti-inflammatory properties [116–119]. We have

recently reported that a full EC system is present within the

kidney, comprising ECs, EC receptors, and enzymes

involved in EC synthesis and degradation [120, 121]. In the

normal glomeruli, constitutive EC receptor expression is

low for CB1 and high for CB2 and localises predominantly

to podocytes [120, 121]. In addition, both receptors are also

expressed by monocytes/macrophages, implying relevance

to inflammatory processes, and a recent study in monocytes

has shown that CB1 activates an intracellular cascade

leading to inflammatory cytokine production through

induction of oxidative stress that is inhibited by CB2

activation [122].

Recently, we have reported that in STZ-induced diabe-

tes, the CB1 receptor is overexpressed within the glomeruli

predominantly by podocytes [121]. On the contrary, pod-

ocyte CB2 expression was strongly downregulated in

human biopsies from patients with advanced DN and the

only CB2 positive cells within the glomeruli were infil-

trating monocytes [120]. In early experimental diabetes,

CB2 expression was still unaltered, but there was a relative

deficiency of 2-AG, the major CB2 ligand, in the renal

cortex [120]. Collectively, these data suggest that in DN

signalling through the deleterious CB1 receptor is

enhanced, while the protective CB2 signalling is reduced.

The underlying cellular mechanisms are unknown; how-

ever, in vitro high glucose increased CB1 expression in

podocytes [123] and mesangial cells [124], whereas

mechanical stretch downregulates CB2 in cultured podo-

cytes [125], suggesting that the major insults involved in

the pathogenesis of DN can modulate the response of

glomerular cells to EC. Furthermore, exposure of cultured

proximal tubular epithelial cells to albumin reduces CB2

expression, suggesting that proteinuria may diminish the

constitutive anti-inflammatory activity of the tubulo-inter-

stitium in advanced DN [126].

Recently, we have provided evidence of the important

role of the EC system in the pathogenesis of DN. We have

shown that blocking of CB1 receptors with AM251, a

selective CB1 receptor antagonist, ameliorates albuminuria

by preventing the downregulation of both nephrin and

podocin in STZ-induced diabetic mice [121]. Other studies

have shown that treatment with selective CB1 antagonists

has also renoprotective and anti-proteinuric effects in

obesity-induced nephropathy [127] and db/db mice [123],

though beneficial effects may be partially ascribed to

amelioration of metabolic control in these models. We
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have also demonstrated that activation of the CB2 receptor,

using the selective CB2 agonist AM1241, reduces albu-

minuria, glomerular monocyte infiltration, and nephrin loss

in STZ-induced diabetic mice [120], indicating that a

strategy compensating for the relative deficiency of CB2

signalling can be beneficial. Recently, we have further

confirmed the protective role of CB2 by showing that in

diabetic mice deletion of the CB2 gene worsens protein-

uria, mesangial matrix expansion, renal function loss,

monocytes infiltration, downregulation of slit diaphragm

proteins, and overexpression of extracellular matrix com-

ponents [125]. Taken together these results demonstrated

that both CB1 overexpression and CB2 downregulation

play an important role in the pathogenesis of experimental

DN and may thus represent novel targets for treatment.

The anti-proteinuric and renoprotective effect of CB2 is

likely due to inhibition of inflammatory processes and we

have shown the existence of an interaction between the

CB2 receptor and the MCP-1/CCR2 system. Although

pharmacological/genetic modulation of CB2 does not alter

MCP-1 expression, CB2 activation reduces [120], whereas

CB2 deletion strongly enhances CCR2 expression [125] in

the renal cortex of both diabetic and non-diabetic mice.

Consistently, in both cultured podocyte [120] and mono-

cytes [128], CCR2 expression is downregulated by CB2

agonists and upregulated by CB2 antagonists. Therefore,

CB2 appears an endogenous modulator of the MCP-1/

CCR2 system and may represent a physiological target of

therapies aiming to lower MCP-1 signalling (Fig. 2).

Of interest, we have recently shown, using adaptive

transfer techniques, that worsening of DN in CB2 knockout

mice is due to CB2 deficiency on podocytes rather than on

monocytes [125], suggesting that the predominant mecha-

nism of kidney damage in response to MCP-1 is not

monocyte recruitment, but the direct MCP-1 effect on

podocytes. Lowering of inflammatory processes may also

contribute to the beneficial effects of CB1 blockade

observed in animal model of DN. Consistently, CB1

antagonists reduce monocyte infiltration in STZ-diabetic

mice (unpublished data), as well as MCP-1 expression in

db/db mice [123]. The underlying mechanism remains

elusive; however, CB1 is a potent inducer of oxidative

stress pathways that are strictly interconnected with

inflammatory cascades. Furthermore, CB1 promotes pro-

inflammatory responses of macrophages through ROS

production [122] and favors macrophage polarization

toward a M1 phenotype in various tissues.

The ECS as therapeutic target

As far as potential clinical applications are concerned, CB1

antagonists cross the blood brain barrier and rimonabant,

the best known CB1 antagonist, was first approved for the

treatment of obesity in Europe, but then withdrawn from

the market because of serious central side effects, such as

depression and anxiety. However, a new class of peripheral

restricted CB1 antagonists has been recently developed that

do not cross the blood–brain barrier and are thus devoid of

psychoactive effects, while retaining their peripheral ben-

eficial effects [129]. There is thus increasing interest on the

potential use of these compounds for the treatment of

diabetes and diabetes-related complications, including DN.

Selective CB2 agonists are free from central side effects

and promising tools for treatment of chronic diseases

associated with a low-grade inflammation. A number of

pharmaceutical companies have reported entering devel-

opment with CB2 agonists, such as KHK6188b, ABT-

521b, APD371, and S-777469, mostly for the treatment of

Fig. 2 Relationship between

the CB2 receptor and the MCP-

1/CCR2 system in diabetic

nephropathy. In diabetic

nephropathy, there is

overexpression of the

chemokine MCP-1 and

downregulation of the

cannabinoid receptor of type 2

(CB2) within the glomeruli.

CB2 downregulation induces

overexpression of the MCP-1

receptor CCR2. Both increased

expression and responsiveness

to MCP-1 contribute to enhance

the deleterious MCP-1

signalling in the glomeruli

resulting in monocyte

recruitment and glomerular

injury
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pain. Insofar there are no ongoing trials testing the efficacy

of these compounds in DN; however, this area of research

is appealing as CB2 activation has also beneficial effects in

animal models of atherosclerosis [130], cardiac injury

[131], and diabetic neuropathy [132], raising the possibility

that CB2 agonism may have positive effects on multiple

vascular bed of diabetic complications. However, in many

injury models, CB2 agonists appear to be most effective

when given before the initiation of the insult, and may lose

their efficacy or even promote inflammation when given at

later time [133]. Furthermore, there is experimental evi-

dence that CB2 activation may worsen obesity-driven

inflammation in target organ of metabolism [134]. Thus, a

better understanding of the underlying mechanisms is

required for the development of meaningful therapeutic

approaches. Finally, given the close relationship between

the two EC receptors that share ligands and have also

intertwined intracellular signalling pathways, a combined

approach with CB1 antagonists and CB2 agonists may

result in further benefit.

The ECS as clinical biomarker

There are no published data on circulating levels of EC in

patients with DN. However, plasma EC is unlikely to be

good biomarkers for clinical applications as their mea-

surement requires sophisticated techniques that are very

expensive and time-consuming.

Conclusions

Over the past decade, several studies have helped to elu-

cidate the association between inflammation and DN. It is

now clear that the inflammatory milieu in diabetes con-

tributes significantly to the development of DN. The TNF-

a/TNFR systems, the MCP-1/CCR2, and the ECS play a

significant role in this scenario and research on these

inflammatory mediators is rapidly moving toward their

validation as clinical biomarkers and/or assessment of

efficacy of targeting therapies in human clinical trials.
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