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ABSTRACT

Background. The endocannabinoid system has been implicated
in the pathogenesis of diabetic nephropathy (DN). We investi-
gated the effect of combined therapy with AM6545, a ‘peripher-
ally’ restricted cannabinoid receptor type 1 (CB1R) neutral an-
tagonist, and AM1241, a cannabinoid receptor type 2 (CB2R)
agonist, in experimental DN.
Methods. Renal function and structure, podocyte proteins and
markers of both fibrosis and inflammation were studied in
streptozotocin-induced diabetic mice treated for 14 weeks with
vehicle, AM6545, AM1241 and AM6545–AM1241.
Results. Single treatment with either AM6545 or AM1241 alone
reduced diabetes-induced albuminuria and prevented nephrin
loss both in vivo and in vitro in podocytes exposed to glycated
albumin. Dual therapy performed better than monotherapies,
as it abolished albuminuria, inflammation, tubular injury and
markedly reduced renal fibrosis. Converging anti-inflammatory
mechanisms provide an explanation for this greater efficacy as
dual therapy abolished diabetes-induced renal monocyte

infiltration and M1/M2 macrophage imbalance in vivo and
abrogated the profibrotic effect of M1 macrophage–conditioned
media on cultured mesangial cells.
Conclusion. ‘Peripheral’ CB1R blockade is beneficial in experi-
mental DN and this effect is synergically magnified by CB2R
activation.

Keywords: albuminuria, CB2R agonist, CB1R antagonist, dia-
betic nephropathy, endocannabinoid system

Diabetic nephropathy (DN) is characterized by both increased
glomerular permeability to proteins and excessive mesangial
matrix deposition. Intensified glycaemic control and anti-
hypertensive treatment are the currently available therapeutic
strategies in patients at risk and with established DN. In spite of
the demonstrated efficacy of these treatments, DN is the leading
cause of end-stage renal failure and there is a need to identify
new therapeutic strategies [1].

The endocannabinoids (ECs) anandamide and 2-arachido-
noylglycerol (2-AG) are synthesized on demand from arachi-
donic acid–containing phospholipid precursors and bind to G||
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|protein–coupled cannabinoid receptors called cannabinoid re-

ceptor type 1 (CB1R) and type 2 (CB2R). The endocannabinoid
system (ECS) plays an important role in obesity, insulin resist-
ance and type 2 diabetes [2, 3]. The ECS is also present in the
kidney and has been recently implicated in the pathogenesis of
DN [4–13]. In the diabetic kidney, expression of the two ECS
receptors undergoes opposing changes wherein CB1R is upre-
gulated while CB2R is downregulated [3, 4, 12, 13]. Moreover,
treatments that counteract these abnormalities by either block-
ing CB1R or activating CB2R have anti-proteinuric effects in ex-
perimental DN [4, 5, 9, 11, 12]. However, these therapeutic
strategies fail to ameliorate renal fibrosis in animal models of
type 1 diabetes [4, 5] and the therapeutic development of drugs
blocking CB1R has been halted because of the adverse neuro-
psychiatric side effects that are associated with brain-penetrant
CB1R inverse agonists/antagonists [2].

Newly developed ‘peripherally restricted’ CB1R antagonists
that are devoid of psychoactive effects, as they do not cross the
blood–brain barrier, appear to retain the beneficial effects of
global CB1R antagonists on obesity and insulin resistance [14,
15]. Thus there is growing interest in this class of compounds as
tools to study and treat diabetes-related conditions and to trans-
late related preclinical findings on the ECS towards clinical
practice [2]. In addition, because CB1R and CB2R share the
same ligands, form heterodimers [16] and have overlapping
intracellular signalling [2, 17], drugs blocking/activating one
ECS receptor may indirectly affect the other, potentially leading
to paradox effects. Therefore, dual therapy with a peripheral
CB1R antagonist and a CB2R agonist may represent a safer ap-
proach and result in further benefits beyond the potential addi-
tive properties of single drugs. To date, this approach has not
yet been investigated in any disease model implicating the ECS,
including DN.

Therefore, our aim was to investigate in an animal model of
type 1 diabetes the efficacy of combined therapy with AM6545,
a peripherally restricted CB1R neutral antagonist, and the
CB2R agonist AM1241 on both functional and structural
abnormalities of DN.

MATERIALS AND METHODS

Materials

All materials were from Sigma-Aldrich (St Louis, MO, USA)
unless otherwise stated.

Drugs

AM6545 {5-[4-(4-cyanobut-1-ynyl)phenyl]-1-[2,4-dichloro-
phenyl]-4-methyl-N-[1,1-dioxo-thiomorpholino]-1H-pyra-
zole-3-carboxamide} was synthesized at the Center for Drug
Discovery, Northeastern University (Boston, MA, USA).
AM6545 exhibits a 302-fold selectivity for CB1R (Ki
1.76 0.92 nM) versus CB2R (Ki 5236 143 nM) [18]. AM1241
<(2-iodo-5-nitrophenyl)-{1-[(1-methylpiperidin-2-yl}me-
thyl]indol-3-yl]methanone> was purchased from Cayman
(Ann Arbor, MI, USA). In vitro, AM1241 is a potent (Ki 2 nM)
CBR agonist with 95–340-fold selectivity for CB2R and in vivo,

AM1241 exhibits an 82-fold selectivity for CB2R (Ki
3.46 0.5 nM) versus CB1R (Ki 280 6 41 nM) [19]. For the
in vivo study, drugs were dissolved in DMSO, diluted in an
18:1:1 ratio of saline:emulphor-620:DMSO.

In vivo study

Animals and induction of diabetes. The study was
approved by the Ethical Committee of the Turin University and
both housing and care of laboratory animals were in accordance
with Italian law (D.L.116/1992). Diabetes was induced in male
C57BL6/J mice (Jackson Laboratories, Bar Harbor, ME, USA),
age 8 weeks, by streptozotocin (STZ) intraperitoneal injection,
as we previously described [4].

Experimental protocol. Animals were divided into six
groups: non-diabetic (ND) mice treated with either vehicle
(n¼ 8) or AM6545 (n¼ 8) and diabetic mice (DM) treated
with vehicle (n¼ 8), AM6545 (n¼ 8), AM1241 (n¼ 8) or both
[AM6545þAM1241 (n¼ 8)]. AM6545 and AM1241 were ad-
ministered daily via intraperitoneal injection at the dosage of 10
and 3mg/kg, respectively [5, 14]. Mice sham-injected with an
18:1:1 mixture of saline:emulphor-620:DMSO were used as
controls. After 14 weeks of diabetes, mice were killed by decapi-
tation and the kidneys were rapidly dissected and weighed. The
right kidney was frozen in N2 and stored at �80�C for both
mRNA and protein analysis. Half of the left kidney was fixed in
10% PBS-formalin, then paraffin-embedded for light micros-
copy; the remaining tissue was embedded in optimal cutting
temperature compound and snap frozen in N2.

Metabolic and physiological parameters. Glycated haemo-
globin, systolic blood pressure, urinary albumin concentration,
creatinine clearance and urinaryN-acetyl-b-D-glucosaminidase
(NAG) activity were measured, as previously described [20] and
detailed in the Supplementary data.

mRNA analysis. mRNA expression was analysed by real-time
polymerase chain reaction (PCR) using pre-developed TaqMan
reagents (Applied Biosystems, Monza, Italy), as detailed in the
Supplementary data.

Histological analysis. Paraffin-embedded tissue sections
were stained using periodic acid–Schiff (PAS) staining, as detailed
in the Supplementary data.

Immunohistochemistry. Expression of monocytes/macro-
phages (F4/80), CB1R and CB2R was performed on snap-
frozen/paraffin-embedded tissue sections, as detailed in the
Supplementary data.

Immunofluorescence. Staining for nephrin, podocin, syn-
aptopodin and fibronectin was performed by immunofluores-
cence on snap-frozen sections, as detailed in the Supplementary
data.

Immunoblotting. Expression of nephrin (Progen Biotechnik,
Maaßstraße, Germany), podocin and synaptopodin was meas-
ured in total protein extracts from either renal cortex or cultured
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|podocytes by immunoblotting, as detailed in the Supplementary

data.

In vitro experiments

Podocytes. Conditionally immortalized human podocytes
were kindly provided by M. Saleem (University of Bristol, Bristol,
UK) and cultured as previously described [21]. Differentiated
podocytes were serum deprived for 24 h, then exposed to either
glycated albumin (GA 200lg/mL) or vehicle for 24h in the pres-
ence and in the absence of AM1241 (10lmol/L) and/or AM6545
(10lmol/L). Appropriate dilutions of DMSO were added as ve-
hicle controls.

Monocytes. Humanmonocytic leukaemia U-937 cells (ATCC)
were cultured in suspension at 37�C in a humidified atmosphere of
5% CO2 in RPMI 1640 supplemented with 10% heat-inactivated
foetal bovine serum (FBS), 10mMHEPES, 1mM sodium piruvate,
2mM glutamine, 100 U/mL penicillin and 100lg/mL
streptomycin.

Macrophage-like cells (M0). U-937 cells were seeded at a
density of 5� 105 cells/well into six-well plates with RPMI 1640
containing 5% FBS and 20 ng/mL phorbol myristate acetate
(PMA) to induce differentiation in M0. After 48 h, cells were
washed with PBS to remove non-adherent cells and then as-
sessed by light microscopy.

M1 macrophages. To induce polarization towards M1
macrophages, M0 cells were exposed to both lipopolysaccharide
(LPS, 100 ng/mL) and interferon c (20 ng/mL) for 24 h [22, 23].
Following washing, cells were cultured for a further 24 h in the
presence and in the absence of AM1241 (10lmol/L) and/or
AM6545 (10lmol/L). At the end of the experimental period,
total RNA was extracted, conditioned media (CM) collected,
and TNF-amRNA levels measured by real-time PCR.

Mesangial cells. Immortalized mesangial cells were estab-
lished, characterized and cultured as previously described [24].
Serum-deprived cells were incubated for 48 h with CM collected
from M1 macrophages exposed to the conditions described
above either in the presence or in the absence of a specific TNF-
a-neutralizing antibody (7 mg/mL; R&D Systems, Minneapolis,
MN, USA), then fibronectin mRNA levels were measured by
real-time PCR.

Statistical analysis. Data, presented as mean6 SEM, geo-
metric mean (25th–75th percentile) or fold change over control,
were analysed by ANOVA. The least significant difference test
was used for post hoc comparisons. P-values <0.05 were con-
sidered statistically significant.

RESULTS

Metabolic and physiological parameters

After 14 weeks of diabetes, both blood glucose and glycated
haemoglobin levels were significantly higher in DM than in ND
mice and were unaltered by treatment (Table 1). Although gly-
cated haemoglobin was slightly lower in mice treated with the
combined therapy, the difference was small and not statistically
significant. Individual blood glucose and glycated haemoglobin
levels for each mouse are reported in the Supplementary data,
Figure S1. DM showed a significant decrease in body weight
and a significant increase in the kidney weight:body weight
(KW:BW) ratio compared with sham-injected control animals;
however, no differences were observed between treated and un-
treated animals.

Glomerular expression of CB1R and CB2R

CB1R mRNA and protein levels were significantly enhanced
in the renal cortex from DM as assessed by both immunofluor-
escence and real-time PCR. This was not altered in DM treated
with AM6545 and/or AM1241 (Figure 1A–C), making it un-
likely that autoinduction was a mechanism of diabetes-induced
CB1R overexpression. Neither diabetes nor drugs affected
CB2R expression (Figure 1D–F).

Albuminuria, tubular injury and renal function

There was a significant increase in urinary albumin excretion
rate (AER) in DM after 14 weeks of diabetes (Table 2).
Combined treatment with AM6545 and AM1241 prevented the
increase in albuminuria observed in DM, while albuminuria
was only diminished (50% reduction) in DM under single treat-
ment. Moreover, amelioration of diabetes-induced enhanced
NAG activity, a marker of tubular injury, was exclusively
observed in mice treated with dual therapy. In this model of
early experimental diabetes, renal function did not differ in DM
and ND mice and was not affected by either of the drug

Table 1. General assessment parameters in all study groups

Body weight (g) BG (mg/dL) Glycated Hb (%) KW/BW ratio sBP

(mmHg)

ND 28.86 0.7 1406 2 4.16 0.1 5.36 0.2 1086 5

ND-AM6545 29.06 0.7 1306 2 4.06 0.0 5.66 0.2 1066 4

ND-A þ A 28.06 0.3 1306 1 3.96 0.2 5.56 0.4 1086 2

DM 23.86 0.4* 3606 8* 11.46 0.6* 7.86 0.3* 1176 4

DM-AM6545 24.26 0.4* 3696 7* 11.86 0.4* 7.96 0.2* 1156 6

DM-AM1241 23.86 0.5* 3386 32* 10.96 0.8* 7.76 0.2* 1266 4

DM-A þ A 23.56 0.5* 3616 6* 10.06 0.6* 7.86 0.2* 1116 3

Data are shown as mean6 SEM.

AþA, AM6545þ AM1241; BG, blood glucose; Hb, haemoglobin; sBP, systolic blood pressure.
*P< 0.05, DM groups versus ND groups.
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treatments. Taken together, these data show that combination
therapy is advantageous compared with single treatment in pre-
venting both early glomerular and tubular functional alterations
of DN.

Expression of podocytes proteins

Diabetes-induced downregulation of nephrin, podocin and
synaptopodin was abolished in mice treated with either
AM6545 or AM1241, as assessed by immunofluorescence, im-
munoblotting and real-time PCR, providing a potential mech-
anism whereby AM6545 and AM1241 reduced diabetes-
induced albuminuria. Combined therapy did not result in a fur-
ther benefit, as a maximal effect was achieved with single treat-
ments (Figures 2 and 3A–C).

Expression of nephrin in cultured podocytes

To clarify if AM6545 and AM1241 prevented nephrin
downregulation by acting directly on podocytes, podocytes
were exposed in vitro to GA to mimic the diabetic milieu. GA
significantly reduced nephrin mRNA expression, as previously
reported [25]. Treatment with AM6545 and/or AM1241 not
only prevented GA-induced nephrin downregulation, but sig-
nificantly increased nephrin expression compared with controls
(Figure 3D).

Mesangial expansion and expression of extracellular

matrix components

PAS staining revealed a mild mesangial expansion in DM that
was not altered by treatment with AM1241 and was onlymodestly

Table 2. Albuminuria, renal function and urinary N-acetylglucosamine activity

AER (mg/18 h) Creatinine clearance (mL/min) NAG (U/g)

ND 79.5 (70.7–109.3) 0.506 0.05 159.96 3.2

ND-AM6545 75.6 (75.6–113.7) 0.486 0.06 162.86 14.6

ND-A þ A 72.6 (56.5–100.1) 0.596 0.09 157.96 24.6

DM 310.2 (243.8–342.0)* 0.466 0.05 467.36 65.7*

DM-AM6545 163.8 (135.1–197.6)*,** 0.386 0.06 452.46 30.7*

DM-AM1241 169.2 (155.5–177.5)*,** 0.456 0.08 461.96 30.7*

DM-A þ A 92.2 (69.9–118.2)**,*** 0.526 0.07 295.06 24.9*,**

Data are shown as mean6 SEM or geometric mean (25th–75th percentile).

AþA, AM6545þAM1241.
*P< 0.05, DM groups versus ND groups.
**P< 0.05, treated DM groups versus DM.
***P< 0.01, DM-A þA versus single treatments.

FIGURE 1: Effect of AM6545 and/or AM1241 on CB1R and CB2R expression. CB1 and CB2 mRNA and protein expression was assessed in

ND mice and DM treated with AM6545, AM1241 or both (A þ A) (n¼ 8 mice per group). Scale bar: 50 mm; representative immunohistochem-

istry images of CB1 (A) and CB2 (D) are shown and quantification of glomerular staining reported in the graphs (B, E). CB1 and CB2 mRNA

levels were measured by real-time PCR on total RNA extracted from the renal cortex (C, F). *P < 0.05, DM groups versus ND groups.
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|diminished by AM6545, whereas a marked reduction was

observed in DM treated with the dual therapy (Figure 4A and B).
Collagen staining was enhanced in DM in both the glomeruli

and the interstitial area. This effect was reduced by AM6545,
unaltered by AM1241 and abolished by dual treatment (Figure
5A and B). Similarly, the increase in fibronectin immunofluor-
escence staining induced by diabetes was only slightly attenu-
ated by AM6545, but was prevented by combination therapy
(Figure 5D and E). Analyses of collagen type 1 and fibronectin
mRNA expression showed a similar trend (Figure 5C and F),
although the effect of single treatment with AM6545 was
greater. Taken together, these data indicate a greater effective-
ness of dual treatment in preventing diabetes-induced fibrotic
processes within the kidney.

Monocyte infiltration

Given the key role of inflammatory processes in promoting
fibrosis in DN [26–28], renal monocyte infiltration was assessed

by counting the number of F4/80-positive cells in the renal cor-
tex. The number of infiltrating monocytes/macrophages was
significantly augmented in DM: there was a 6-fold increase
within the glomeruli and a 12-fold increase in the tubulo-
interstitium. Combined therapy abolished diabetes-induced
monocyte/macrophage accrual in both the glomeruli and the
interstitium, while the number of infiltrating monocytes/macro-
phages fell only by half in mice under single treatment and was
still significantly greater than in control animals (Figure 6A–D).
Collectively, these data indicate that both CB1R blockade and
CB2R activation reduce diabetes-induced renal inflammation,
but this is achieved muchmore effectively by dual treatment.

ICAM-1 and the MCP-1/CCR2 system

We then studied both ICAM-1 and the MCP-1/CCR2 sys-
tem, as they play a key role in renal monocyte recruitment.
Diabetes induced overexpression of both ICAM-1 and MCP-1,
while expression of the MCP-1 receptor CCR2 was not

FIGURE 2: Both AM6545 and AM1241 prevented podocyte protein downregulation in diabetic mice. Nephrin, podocin and synaptopodin pro-

tein expression was assessed in ND mice and DM treated with AM6545, AM1241 or both (Aþ A) (n ¼ 8 mice per group) by immunofluores-

cence and western blotting. Scale bar: 50 mm. Representative immunofluorescence images of nephrin (A), podocin (D) and synaptopodin (G)

are shown and quantification of glomerular staining reported in the graphs (B, E, H). Representative immunoblots of nephrin (C), podocin (F)

and synaptopodin (I) protein expression in total protein extracts from the renal cortex and corresponding results of densitometry analyses are

shown in the graphs. Tubulin was used as an internal control. *P < 0.05, DM group versus ND groups; **P < 0.05, treated DM groups versus

DM group.
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|significantly altered. Diabetes-induced ICAM-1 overexpression

was prevented in mice treated with AM6545 and/or AM1241,
showing that these compounds can interfere with monocytes
entering the glomerular tuft. In addition, AM1241 downregu-
lated CCR2 expression, likely resulting in reduced MCP-1 sig-
nalling, and this effect was retained in mice treated with dual
therapy (Figure 6E–G).

M1 and M2 macrophages

In DM, markers of pro-inflammatory M1 macrophages
[29], TNF-a and NOS2, were overexpressed in the renal cor-
tex, whereas markers of anti-inflammatory M2 macrophages
[29–31] arginase-1 (Arg-1) and CD163 were downregulated,
indicating a shift towards a pro-inflammatory M1 phenotype.
Treatment with either AM6545 or AM1241 completely

FIGURE 3: In vivo and in vitro effect of CB1R blockade and/or CB2R activation on nephrin, podocin and synaptopodin gene expression.

Nephrin (A), podocin (B) and synaptopodin (C) mRNA levels were measured by real-time PCR on total RNA extracted from the renal cortex

of ND mice and DM treated with AM6545, AM1241 or both (A þ A) (n ¼ 8 mice per group). *P < 0.05, DM group versus ND groups;

**P < 0.05, treated DM groups versus DM group. (D) Cultured podocytes were exposed to glycated albumin (GA 200 lg/mL) for 24 h in the

presence of AM1241 (10 lmol/L), AM6545 (10 lmol/L) or both (A þ A), then total mRNA was extracted and nephrin mRNA levels measured

by real-timePCR. *P< 0.05, GA versus others; **P < 0.05, vehicle versus treated groups.

FIGURE 4: Dual therapy prevented glomerular mesangial expansion in diabetic mice. Renal cortex from ND mice and DM treated with

AM6545, AM1241 or both (AþA) was studied 14 weeks after diabetes induction (n¼ 8 mice per group). Scale bar: 50 mm. Representative

PAS staining images (�400) (A) and quantitation of the percentage of mesangial areas (B) are shown. *P < 0.05, DM groups versus ND con-

trols; **P < 0.05, DM-AM6545 and DM-AþA versus DM; ***P < 0.05, DM-A þ A versus DM-AM6545.
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FIGURE 5: Effect of AM6545 and/or AM1241 on both collagen and fibronectin expression. Collagen and fibronectin protein and mRNA ex-

pression was assessed in ND mice and DM treated with AM6545, AM1241 or both (A þA) (n ¼ 8 mice per group). (A) Representative images

of picrosirius red staining and (B) quantitation of glomerular (first columns) and interstitial staining (second columns) are shown. Images in

(D) show immunofluorescence staining for fibronectin. Scale bar: 100 mm. Quantification of fibronectin staining is reported in the graph (E).

Collagen type I (C) and fibronectin (F) mRNA expression was measured by real-time PCR on total RNA extracted from the renal cortex and re-

sults reported in the graphs. *P < 0.05,DM groups versus ND controls; **P < 0.05,DM-AM6545 and DM-AþA versus DM; ***P < 0.05,DM-

Aþ A versus DM-AM6545.

FIGURE 6: Effect of AM6545 and AM1241 on diabetes-induced inflammation. Monocyte infiltration and markers of inflammation were as-

sessed in ND mice and DM treated with AM6545, AM1241 or both (A þA) (n¼ 8 mice per group). Representative images of both glomerular

(A) and tubulo-interstitial (C) F4/80-positive staining are shown and quantitation reported in the graphs (B, D). Scale bar: 50 mm (A) and 100

mm (C). Total RNA was extracted from the renal cortex and mRNA levels of ICAM-1 (E), MCP-1 (F), CCR2 (G) measured by real time-PCR.

*P < 0.05, DM groups versus ND controls; **P < 0.05, treated DM groups versus DM group; ***P < 0.05, DM under combined treatments ver-

sus DM under single treatment.
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|suppressed diabetes-induced NOS2 overexpression, whereas

TNF-a overexpression was only attenuated by single treat-
ment, while dual therapy was required to abolish the effect
(Figure 7A and B), suggesting an additive contribution of
enhanced CB1R and insufficient CB2R signalling in TNF-a
induction.

Diabetes-induced Arg-1 and CD163 downregulation was
not affected by treatment with AM1241, but was suppressed by
AM6545 either alone or in combination therapy (Figure 4C and
D), indicating a predominant role of CB1R in mediating im-
paired M2 polarization. Quantitatively, the 4-fold increase in
the M1:M2 ratio [32] that was observed in DM compared with
ND mice was reduced by both AM1241 and AM6545, but was
prevented only by dual therapy (ND: 1.57 6 0.40; DM:
6.196 1.11; DM-AM1241: 3.426 0.83; DM-AM6545: 2.296
0.37; DM-AþA: 1.376 0.27; *P < 0.05 forDM versus others;
DM-AþA versus DM-AM6545 and DM-AM1241).

In vitro experiments on cultured macrophages

To explore the possibility that the effect of dual therapy on the
M1/M2 imbalance may provide an explanation for its greater
anti-fibrotic efficacy, we performed in vitro experiments on
mesangial cells, which play a predominant role in glomeruloscle-
rosis [33]. Exposure of mesangial cells to CM from M1 macro-
phages induced a 2.5-fold increase in fibronectin mRNA,
confirming that factors/cytokines released by M1 macrophages
enhance the expression of extracellular matrix components [26].
However, when mesangial cells were incubated with CM from
M1 macrophages pre-exposed to AM6545 (CMAM6545), AM1241

(CMAM1241) or both (CMAþ A), fibronectin overexpression was
reduced by single and abolished by combined pretreatments,
indicating that dual therapy can affect the phenotype of M1
macrophages, abolishing their paracrine pro-fibrotic activity
(Figure 8A). In addition, AM6545 and/or AM1241 treatment sig-
nificantly lowered TNF-a expression in M1 macrophages (Figure
8B). Moreover, the increase in fibronectin expression in response
to CM fromM1 macrophages was abolished by a specific TNF-a
neutralizing antibody (Figure 8C), suggesting TNF-a as a likely
mediator of EC-modulated M1 macrophage pro-sclerotic
activity.

DISCUSSION

In the present study, we have provided evidence that combined
therapy with AM6545, a novel peripheral CB1R antagonist, and
AM1241, a CB2R agonist, prevents diabetes-induced renal
abnormalities, both functional and structural.

In DM, dual therapy with AM6545 and AM1241 abolished
albuminuria and thus performed better than monotherapies,
which reduced it by only 50%, in line with previous reports in
the same animal model [4, 5]. This also indicates that peripheral
and global CB1R inhibition is equally effective at preventing
proteinuria in experimental type 1 diabetes. JD5037, another
peripheral CB1R inverse agonist, has also been shown to dimin-
ish albuminuria in obese hypertensive ZDF rats [12]; however,
in this model, beneficial effects may be secondary to amelior-
ation of hypertension and metabolism [2, 34].

FIGURE 7: Effect of AM6545 and AM1241 on diabetes-induced macrophage phenotype. TNF-a (A), NOS2 (B), Arg-1 (C) and CD163 (D)

mRNA levels were measured by real-time PCR on total RNA extracted from the renal cortex of ND mice and DM treated with AM6545,

AM1241 or both (Aþ A) (n¼ 8 mice per group). *P < 0.05, DM groups versus ND controls; **P < 0.05, treated DM groups versus DM group;

***P < 0.05, DM under combined treatments versus DM under single treatment.
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|Both nephrin and podocin are important in preventing

glomerular protein leakage, and their loss has been implicated
in the pathogenesis of albuminuria in various renal diseases,
including DN [33, 35]. AM6545 and/or AM1241 prevented
nephrin and podocin downregulation in vivo and abolished
nephrin loss in podocytes exposed to glycated albumin tomimic
a diabetic milieu, suggesting a direct effect on podocytes that is
consistent with the predominant expression of CB1R/CB2R by
this cell type [4, 5, 11, 12]. Our finding, together with previous
results showing that CB1R mediates both high-glucose– and
angiotensin II–induced nephrin downregulation [12], supports
the hypothesis that CB1R signalling is a final common pathway
of multiple diabetes-related insults leading to both podocyte
protein loss and proteinuria. Our data also demonstrate a previ-
ously unrecognized direct effect of CB2R signalling on nephrin
expression that might be relevant beyond DN. Moreover, the
observation that AM6545 and AM1241 enhanced nephrin ex-
pression beyond control levels supports the notion that the bal-
ance in ECS receptor signalling is a crucial determinant of
podocyte phenotype.

Structural analysis showed abolishment of mesangial expan-
sion in mice under double treatment in parallel with complete
reversal of glomerular fibronectin upregulation and collagen de-
position in both the mesangial and the interstitial area. By con-
trast, treatment with AM1241 was ineffective and AM6545 only
partially reduced these abnormalities. Furthermore, dual ther-
apy showed a protective effect on the tubulo-interstitium that
was not observed in DM under single treatments. These find-
ings are of relevance, as glomerulosclerosis and tubulo-
interstitial injury are major determinants of renal dysfunction
and DN progression [33]. Moreover, they support the hypoth-
esis that dual therapy has beneficial effects beyond the additive
effect of single treatments.

In contrast with our previous results where there was no ef-
fect of CB1R inhibition with AM251 on renal fibrosis in STZ-
induced diabetes [4], treatment with AM6545 alone reduced ex-
pression of extracellular matrix components and modestly ame-
liorated the renal structural injury. The reason for this

discrepancy is unclear; however, the effect of the CB1R neutral
antagonist AM6545 may differ from that of the inverse agonist
AM251 [36]. Moreover, the possibility of an AM6545 off-target
effect cannot be excluded. Consistent with our present data, an
anti-fibrotic effect of CB1R blockade has been shown in mice
with unilateral ureteral obstruction (UUO) [13] and in the kid-
ney of type 2 diabetes mellitus [7, 9].

Mounting evidence highlights the important role of renal
monocyte/macrophage infiltration in the pathogenesis of DN
[25, 37]. Moreover, recent investigations suggest that the
phenotype of recruited macrophages is of paramount import-
ance. In our study, DM showed both an enhanced renal macro-
phage accrual and a shift towards inflammatory M1
macrophages. These effects were only attenuated by single treat-
ments, but abrogated by dual therapy. Complementary anti-
inflammatory effects of AM6545 and AM1241 may explain this
greater efficacy. AM6545 had no effect on the MCP-1/CCR2
system, while AM1241 downregulated CCR2, thus reducing re-
sponsiveness to MCP-1. This suggests that the pro-inflamma-
tory effects of MCP-1, which trigger and fuel inflammation in
DM treated with AM6545, may be neutralized by co-
administration of AM1241. On the other hand, both com-
pounds reduced markers of pro-inflammatory M1 macro-
phages, but only AM6545 prevented diabetes-induced
downregulation of markers of anti-inflammatory M2 macro-
phages, which are known to play a key role in resolving inflam-
mation and promoting repair [29–31].

The mechanism whereby dual therapy abolished renal fibro-
sis is unknown. Macrophages are likely involved, as they can re-
lease factors that enhance mesangial cell expression of
extracellular matrix components [26, 37]. In keeping with the
hypothesis that dual therapy more effectively suppressed fi-
brotic processes because of a greater anti-inflammatory activity,
our in vitro experiments showed that M1 macrophages
enhanced mesangial cell fibronectin expression via a paracrine
mechanism mediated by TNF-a and that this effect was dimin-
ished by M1 pre-exposure to either AM6545 or AM1241 and
abolished by dual therapy. Alternatively, epithelial–

FIGURE 8: CB1R blockade and CB2R activation affected the pro-fibrotic phenotype of M1 macrophages. (A) Mesangial cells were exposed for

48 h to CM from M1 macrophages pre-exposed for 24 h to vehicle (CM), AM6545 (CMAM6545), AM1241 (CMAM1241) or both (CMAþA), then

fibronectin mRNA levels were measured by real-time PCR. *P < 0.05, M1, M1-AM6545, M1-AM1241 versus vehicle; **P < 0.05, M1-AM6545,

M1-AM1241 versus M1; ***P < 0.05, M1-A þA versus M1-AM6545 and M1-AM1241. (B) Total RNA was extracted from M1 macrophages

and TNF-a mRNA levels measured by real-time PCR. *P < 0.05, AM1241, AM6545, Aþ A versus vehicle; ***P < 0.05, AM6545 and A þA

versus AM1241. (C) Fibronectin mRNA expression in mesangial cells incubated with CM from M1 macrophages in the presence and in the ab-

sence of a neutralizing TNF-a antibody. *P < 0.05, M1 versus others.
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|mesenchymal transition may also be involved, as CBR1 is ex-

pressed by renal myofibroblasts and CB1R blockade prevents fi-
brosis in the UUO model [13]. However, in contrast with DN,
CB2R is overexpressed in UUO and CB2R activation fails to
amplify the effect of CB1R blockade [13], suggesting that patho-
physiological mechanisms operating in the two models are not
entirely overlapping.

In conclusion, these in vitro and in vivo findings may have
important implications for DN in humans. Both CB1R overex-
pression and CB2R downregulation have been proven in renal
biopsies from patients with DN [5, 13]. Moreover, a CB1R poly-
morphism has been associated with renal disease in diabetic pa-
tients [38]. Previous studies in experimental diabetes have shown
that single treatment with either CB1R inverse agonists/antagon-
ists or CB2R agonists can ameliorate experimental DN [4, 5, 9–
12]. However, this is the first study exploring the effect of a com-
bined treatment in DN. The data reported herein showing a
greater efficacy of dual therapy may prompt further studies
applying this novel therapeutic approach to DN and other
pathological conditions characterized by an underlying CBR1/
CB2R imbalance, thus opening new avenues of research.
Moreover, our study provides evidence that AM6545 ameliorates
DN in experimental type 1 diabetes, supporting the hypothesis
that peripheral restricted CB1R antagonists may hold promise
for future potential therapeutic applications in DN. In view of a
possible clinical use, it is noteworthy that a non-brain-penetrant
CB1R antagonist can also revert established DN abnormalities in
a model of type 2 diabetes [12]. Additional studies are required
to establish if the addition of dual ECS-targeting treatment to
current DN therapy will result in further benefit.

SUPPLEMENTARY DATA

Supplementary data are available online at http://ndt.oxfordjour
nals.org.
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ABSTRACT

Background. In the absence of cytogenetic abnormality, fetuses
with congenital anomalies of the kidney and urinary tract
(CAKUT) with/without other structural anomalies show a
higher likelihood of monogenic causes; however, defining the
underlying pathology can be challenging. Here, we investigate
the value of whole-exome sequencing (WES) in fetuses with
CAKUT but normal findings upon karyotyping and chromo-
somemicroarray analysis.
Methods.WES was performed on DNA from the cord blood of
30 fetuses with unexplained CAKUT with/without other struc-
tural anomalies. In the first 23 cases, sequencing was initially
performed on fetal DNA only; for the remaining seven cases,
the trio of fetus, mother and father was sequenced
simultaneously.

Results. Of the 30 cases, pathogenic variants were identified
in 4 (13%) (UMOD, NEK8, HNF1B and BBS2) and incidental
variants in 2 (7%) (HSPD1 and GRIN2B). Furthermore, two
of the above four cases had other anomalies in addition to
CAKUT. Thus, the detection rate was only 2/22 (9.1%) for
isolated CAKUT and 2/8 (25%) for CAKUT with other
abnormalities.
Conclusions. Applying WES to the prenatal diagnostic ap-
proach in CAKUT fetuses with or without other anomalies
allows for an accurate and early etiology-based diagnosis and
improved clinical management. To expedite interpretation of
the results, trio sequencing should be employed; however, inter-
pretation may nevertheless be compromised by incomplete
coverage of all relevant genes.

Keywords: BBS2, congenital anomalies of the kidney and urin-
ary tract, monogenic causes,NEK8, UMOD
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