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Objective: This study assessed the efficacy of INV-202, a novel peripherally
restricted cannabinoid type-1 receptor (CB1R) inverse agonist, in a
streptozotocin-induced type-1 diabetes nephropathy mouse model.

Methods: Diabetes was induced in 8-week-old C57BL6/J male mice via
intraperitoneal injection of streptozotocin (45 mg/kg/day for 5 days);
nondiabetic controls received citrate buffer. Diabetic mice were randomized to
3 groups based on blood glucose, polyuria, and albuminuria, and administered
daily oral doses for 28-days of INV-202 at 0.3 or 3 mg/kg or vehicle.

Results: [INV-202 did not affect body weight but decreased kidney weight
compared with the vehicle group. While polyuria was unaffected by INV-202
treatment, urinary urea (control 30.77 + 14.93; vehicle 189.81 + 31.49; INV-202
(0.3 mg/kg) 127.76 + 20; INV-202 (3 mg/kg) 93.70 + 24.97 mg/24h) and albumin
(control 3.06 + 0.38; vehicle 850.08 + 170.50; INV-202 (0.3 mg/kg) 290.65 +
88.70; INV-202 (3 mg/kg) 111.29 + 33.47 pg/24h) excretion both decreased
compared with vehicle-treated diabetic mice. Compared with the vehicle group,
there was a significant improvement in the urinary albumin to creatinine ratio
across INV-202 groups. Regardless of the dose, INV-202 significantly reduced
angiotensin Il excretion in diabetic mice. The treatment also decreased Agtria
renal expression in a dose-dependent manner. Compared with nondiabetic
controls, the glomerular filtration rate was increased in the vehicle group and
significantly decreased by INV-202 at 3 mg/kg. While the vehicle group showed a
significant loss in the mean number of podocytes per glomerulus, INV-202
treatment limited podocyte loss in a dose-dependent manner. Moreover, in both
INV-202 groups, expression of genes coding for podocyte structural proteins
nephrin (Nphs1), podocin (Nphs2), and podocalyxin (Pdx() were restored to levels
similar to nondiabetic controls. INV-202 partially limited the proximal tubular
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epithelial cell (PTEC) hyperplasia and normalized genetic markers for PTEC
lesions. INV-202 also reduced expression of genes contributing to oxidative
stress (Nox2, Nox4, and P47phox) and inflammation (Tnf). In addition, diabetes-
induced renal fibrosis was significantly reduced by INV-202.

Conclusions: INV-202 reduced glomerular injury, preserved podocyte structure
and function, reduced injury to PTECs, and ultimately reduced renal fibrosis in a
streptozotocin-induced diabetic nephropathy mouse model. These results
suggest that INV-202 may represent a new therapeutic option in the treatment
of diabetic kidney disease.
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1 Introduction

Diabetic nephropathy (DN) is a complication of diabetes and a
leading cause of chronic kidney disease (1). DN is defined as
persistent macroalbuminuria associated with an alteration in
creatinine clearance in the presence of diabetes. Two renal cell
types are primarily affected: podocytes and proximal tubular
epithelial cells (PTECs). Podocytes are epithelial cells located in
the renal glomeruli that play a crucial role in maintaining
glomerular selectivity, permeability, and protein filtration capacity
(2, 3). Proteinuria is associated with morphological changes in the
glomeruli causing dysfunction and podocyte detachment and/or
apoptosis leading to failure of the glomeruli (4). The structural
integrity of podocytes is central to kidney function and their failure
purportedly plays a part in multiple renal diseases, including
DN (5).

The PTECs, which are responsible for glucose reabsorption via
expression of sodium-glucose co-transporters-2 (SGLT2), are also
affected by the deleterious effects of diabetic chronic hyperglycemia.
These cells commonly display tubular atrophy, apoptosis, and
thickened tubular basement membranes with occasional splitting
and lamination (6). In diabetes, expression of SGLT2 and glucose
transporter 2 (GLUT2) is increased in PTECs, which in turn
increases glucose re-absorption and contributes to hyperglycemia
(7, 8). PTEC:s also express the multiligand receptor megalin, which
is responsible for the normal proximal tubule uptake of filtered
molecules, including carrier proteins, peptides, hormones and
nephrotoxins. The expression of megalin, which plays an essential
role in the development of some types of kidney injury, is
significantly suppressed in diabetes (9, 10).

To slow progression of DN, blockade of the renin-angiotensin-
aldosterone system (RAAS) via angiotensin II (Agt II) receptor
antagonists or angiotensin converting enzyme (ACE) inhibitors is
recommended (11, 12). With more advanced disease, the addition
of SGLT?2 transporter inhibitors is recommended for patients with
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type-2 diabetes (12) but not for type-1 diabetes because of an
increased risk of ketoacidosis and acute kidney injury due to volume
depletion (13). The use of SGLT2 transporter inhibitors (14)
induces glycosuria by inhibiting glucose and sodium reabsorption
in the PTECs, causing a mechanical reduction in blood glucose
comparable to that observed with standard antidiabetic therapy,
such as metformin. In addition, SGLT2 inhibitors confer a slight
body weight loss, decrease systolic and diastolic blood pressure (15),
and reduce the risk for nephropathy independent of their effect on
blood glucose (16). Increasingly, patients require combination
therapy targeting both the RAAS and SGLT2 transporter to
control their diabetes, suggesting a need for new therapeutic targets.

Cannabinoid receptor blockers offer an interesting option for
the treatment of DN. In the kidney, the cannabinoid receptor type 1
(CBIR) is mainly expressed in PTECs and podocytes, and plays an
important role in the development of DN (17, 18). In animal
models, CBIR inverse agonists improve function of these cells
through reduced albuminuria, decreased glucose reabsorption,
and improved glomerular filtration (19, 20). In addition to the
direct effects on the kidney, CBIR inverse agonists have secondary
reno-protective effects of weight loss, increased energy expenditure,
and improved lipid profiles and glycemic control (21, 22).

Rimonabant, the first commercialized CBIR inverse agonist,
yielded body weight loss and significant improvements in
dyslipidemia, glycated hemoglobin, and glycemic control in obese
and/or diabetic patients (23-25). However, rimonabant distributed
to the brain and was removed from the market due to serious
psychiatric adverse effects such as depression and suicidality (26).
Alternatively, peripherally-restricted CBI1R antagonists show at
least equivalent efficacy to rimonabant in preclinical models,
without the CNS penetrance underlying the central adverse effects
of rimonabant (27). The objective of this study was to assess the
efficacy of INV-202, a novel peripherally acting CBIR inverse
agonist, originally described as MRI-1891 (28), in a type-1
diabetes DN mouse model.
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2 Material and methods
2.1 Animals and disease induction

The study protocol was approved by the animal welfare ethics
committee CE2A (APAFIS #16799 and 39296). Eight-week-old
C57BL6/] male mice from Janvier Labs (Le Genest Saint Isle,
France) were housed under a 12-hour light/dark cycle and fed a
standard diet ad libitum. Diabetes was induced via intraperitoneal
(IP) injection of streptozotocin (STZ; 45 mg/kg/day) in a sodium
citrate solution (0.1 M, pH 4.5) for 5 consecutive days (n = 39).
Nondiabetic control mice were administered citrate buffer IP for 5
days (n = 5).

Two weeks following STZ injection, mice with random glucose
levels > 230 mg/dL were considered diabetic (n = 24). Mice were
kept for 12 more weeks for the nephropathy to fully develop, after
which the mice were single-housed in metabolic cages
(Techniplast, 3600M021, Decines-Charpieu, France) for 24
hours for urine collection. Diabetic mice were then divided into
three groups (vehicle, INV-202 0.3 mg/kg and 3 mg/kg; n = 8 per
group) with comparable blood glucose, polyuria, and albuminuria.
During the pharmacological treatment period, 2 vehicle-treated
and 1 INV-202 (0.3 mg/kg)-treated mice died, giving a final staff of
5 non-diabetic control, 6 vehicle-treated, 7 INV-202 (0.3 mg/kg)
and 8 INV-202 (3 mg/kg) diabetic mice.

2.2 Pharmacological treatment and
termination

Mice were administered daily oral doses for 28-days of either
vehicle or INV-202 at 0.3 or 3 mg/kg (Kunos Laboratory, National
Institute on Alcohol Abuse and Alcoholism, National Institutes of
Health, Bethesda, USA). The formulation was DMSO/Tween 80/
Saline (5/5/90). Previously, INV-202 exerted maximum efficacy in
the diet induced obese mouse model at a dose of 3 mg/kg (which
blocked 99.99% of CB1Rs in binding experiments) with only slight
penetration across the blood-brain-barrier (28). The 10-fold lower
dose of 0.3 mg/kg was included to further limit brain penetration
while still blocking 90% of CB1Rs and to assess the dose
relationship of INV-202 in the DN model (28).

On day 28, the mice were placed in metabolic cages for 24 hours
for urine collection. Trunk blood was collected prior to euthanasia
via a lethal injection of Euthasol followed by cervical dislocation.
Kidneys were harvested, weighed, and snap frozen in liquid
nitrogen or fixed in formalin for subsequent analysis. Given the
significant body weight loss due to chronic diabetes, kidney weights
were normalized using tibial length rather than body weight.

2.3 Biochemical markers
Albumin was measured in the urine pre- and post-treatment

using an enzyme-linked immunosorbent assay (ELISA) kit (Mouse
Albumin ELISA Kit; Bethyl Laboratories). Agt II was measured in
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urine and serum pre- and post-treatment using an ELISA kit
(General Angiotensin II ELISA Kit; AbClonal Technologies;
RK04203; Wuhan, China). Blood glucose was evaluated using a
glucometer (MyLife Glucometer, Pura). Urinary urea, blood and
urine creatinine were measured by the “Lipidomic Analytical
Platform” of the University of Burgundy with a liquid
chromatography with tandem mass spectrometry (LC-MS/MS)
1260 LC system coupled with a 6460 triple quadrupole MSMS
detector (Agilent) equipped with a KINETEC column (2.6 pm
HILIC 150 x 2.1 mm) at 30°C or 40°C, respectively. Urea was
eluted at 0.2 mL/min in isocratic mode using methanol containing
0.1% formic acid. Creatinine was eluted at 0.3 mL/min in isocratic
mode with a mixture of buffer A (acetonitrile/water, 95/5;
ammonium acetate 5 mM) and buffer B (water, ammonium
acetate 5 mM) in a 60/40 ratio. The analytes were quantitated
using an isotopic dilution method with isotope-labeled standards—
specifically, urea C13/15N2 (Santa Cruz Biotechnology; CAS 58069-
83-3) or d3-creatinine (Santa Cruz Biotechnology; CAS 143827
20-7).

2.4 Histology

Experiments were carried out in the ImaFlow core facility,
UMRI1231 INSERM, University of Burgundy, Dijon, France.
Kidneys were fixed in formalin (Labelians FPC60FT) for 48 hours
at room temperature, dehydrated, and processed in paraffin (Leica
ASP300 and Leica ASP300). Slices (5 pm) were prepared using a
microtome (HistoCore Autocut R de Leica), then dried overnight at
37°C. Samples were stained with either hematoxylin and eosin
(H&E), periodic acid-Schiff, or picro-sirius red, using an
automated stainer (AutoStainer XL) after paraffin removal and
sample rehydration.

Immunostaining with anti-Wilms Tumor 1 (WT-1; 1:400 in a
1% bovine serum albumin [BSA] solution) for 1 hour at room
temperature (Nordic Biosite, ASC-9BJSZH) was performed
manually on kidney slides. Slides were pretreated for 20 minutes
with Tris-EDTA, pH 9 buffer at 95°C, inhibition of endogenous
peroxidases for 15 minutes (3% hydrogen peroxide in 1X
phosphate-buffered saline [PBS]), and saturation of nonspecific
binding sites for 20 minutes before addition of primary antibodies
(3% BSA + 2% milk powder in 1X TBS for WT-1 staining). For the
anti-WT-1 staining it was necessary to block endogenous mouse Ig
(1 hour at room temperature, Vector Laboratory kit MOM
MP2400) before addition of the primary antibody. The signal was
generated using a horseradish peroxidase (HRP)-labeled secondary
antibody incubated for 30 minutes at room temperature and
NovaRed substrate (Vector Laboratories SK4800). Counter-
staining with Harris hematoxylin allowed for visualization of the
nucleus (blue-violet). Slides were dehydrated and mounted in
organic media. All images were acquired by optical microscopy
(Axio Scope Al; Zeiss) coupled to Gryphax image acquisition
software (Gryphax, Jenoptik, Jena, Germany). The different
analyses were performed using Image ] software (National
Institutes of Health, Bethesda, USA).
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2.5 Semi-Quantitative reverse transcription
polymerase chain reaction

Kidney total RNA was extracted using the Tri Reagent
technique, whereas total RNA from cells were extracted using a
Qiagen (RNEasy® Mini Kit) extraction kit. The concentration and
purity of RNA was determined using a Nanophotometer N50
(Implen GmbH, Munich, Germany). Reverse transcription was
done with 1 pg (in vivo) or 0.5 ug (in vitro) total RNA using an
iScript Reverse Transcription Supermix for quantitative reverse
transcription polymerase chain reaction (RT-qPCR; Bio-Rad
Laboratories, #1708841). A Sybr Green Supermix kit (Bio-Rad
Laboratories, #1708886) with QuantStudio 3 Real Time PCR
System (ThermoFisher, Illkirch-Graffenstaden, France) were used
for quantitative PCR. A standard curve was constructed for each
gene using four dilutions of cDNA (1/5 to 1/100 dilution) and used
to determine the relative variation in gene expression after
normalization with the geometric mean of reference genes (Hprt,
Rpl19, Rpl32, Rplp0 and Txn2). Primer sequences used for
amplification are listed in Table 1.

TABLE 1 Primers sequence.

10.3389/fneph.2023.1138416

2.6 Statistical analysis

Statistical analysis was performed with GraphPad Prism (version
7.04 for Windows, San Diego, CA) by an analysis of variance
(ANOVA) followed by Tukey-Kramer post-hoc test for multiple
comparisons. Time-dependent results were analyzed using an
ANOVA followed by a Bonferroni test. Statistical significance was set
at p < 0.05. All summary results are presented as mean + standard error
of the mean.

3 Results
3.1 Diabetes induction and randomization

Of 40 mice initially, one mouse died prior to the start of the study,
leaving 39 for randomization. Five were randomly selected as
nondiabetic controls, while 34 were treated with STZ to induce
diabetes. Only 24 mice had blood glucose levels >230 mg/dL and
were evaluated for urine volume and albuminuria for randomization
into 3 treatment groups (vehicle; INV-202 0.3 and 3 mg/kg; Figure 1).

Forward Reverse

Acta2

CCCAGACATCAGGGAGTAATGG

TCTATCGGATACTTCAGCGTCA

Agtrla AACAGCTTGGTGGTGATCGTC CATAGCGGTATAGACAGCCCA
Ccl2 TTAAAAACCTGGATCGGAACCAA GCATTAGCTTCAGATTTACGGGT
Cnrl CCGCAAAGATAGTCCCAATG AACCCCACCCAGTTTGAAC
Collal GCTCCTCTTAGGGGCCACT CCACGTCTCACCATTGGGG
Des GTTTCAGACTTGACTCAGGCAG TCTCGCAGGTGTAGGACTGG
Fn-1 ATGTGGACCCCTCCTGATAGT GCCCAGTGATTTCAGCAAAGG
Hprt AGTCCCAGCGTCGTGATTAG TTTCCAAATCCTCGGCATAATGA
Lrp2 AAAATGGAAACGGGGTGACTT GGCTGCATACATTGGGTTTTCA
Nox2 CCTCTACCAAAACCATTCGGAG CTGTCCACGTACAATTCGTTCA
Nox4 GAAGGGGTTAAACACCTCTGC ATGCTCTGCTTAAACACAATCCT
Nphsl GATGCGGAGTACGAGTGCC GGGGAACTAGGACGGAGAGG
Nphs2 GACCAGAGGAAGGCATCAAGC GCACAACCTTTATGCAGAACCAG
P47phox ACACCTTCATTCGCCATATTGC TCGGTGAATTTTCTGTAGACCAC
Podxl AGGTGGTCAACCTTAATGGGG TCATCCTTGGTCAAGTTGTCCA
Rpl19 ATGAGTATGCTCAGGCTACAGA GCATTGGCGATTTCATTGGTC
Rpl32 TTAAGCGAAACTGGCGGAAAC TTGTTGCTCCCATAACCGATG
Rplp0 AGATTCGGGATATGCTGTTGGC TCGGGTCCTAGACCAGTGTTC
Tgfbl CTCCCGTGGCTTCTAGTGC GCCTTAGTTTGGACAGGATCTG
Timl ACATATCGTGGAATCACAACGAC ACAAGCAGAAGATGGGCATTG
Tnf CCCTCACACTCAGATCATCTTCT GCTACGACGTGGGCTACAG
Txn2 TGGGCTTCCCTCACCTCTAAG CCTGGACGTTAAAGGTCGTCA
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FIGURE 1

Induction of diabetes and randomization of diabetic mice. (A) Schematic of in vivo approach. (B) Randomization of mice with comparable glycemia,
polyuria, and albuminuria into 3 groups: Control (n = 5), Vehicle (n = 6), INV-202 (0.3 mg/kg; n = 7), INV-202 (3 mg/kg; n = 8).Statistical significance
versus nondiabetic controls: *p < 0.05; **p < 0.01; ***p < 0.001. STZ, streptozotocin. C: non-diabetic control mice, V: Vehicle-treated diabetic mice,
[-0.3: INV-202-treated diabetic mice (0.3 mg/kg), I-3: INV-202-treated diabetic mice (3 mg/kg).

3.2 INV-202 does not modify body weight
nor hyperglycemia but can reverse renal
hypertrophy and improve blood and
urinary parameters

Compared with non-diabetic mice, all STZ-induced diabetic
mice displayed a similar weight loss that was unaffected by INV-202
(Figure 2A). However, INV-202 normalized the diabetes-induced
renal hypertrophy after 28 days of treatment as compared with the
vehicle group (Figure 2A). Also, no significant effect on glycemia
was observed with INV-202 treatment, indicating that any effect of
INV-202 on kidney function was mainly due to kidney remodeling
rather than improved glycemic control (Figure 2B). While polyuria
was unaffected by INV-202 treatment, urinary urea was
significantly decreased versus vehicle in the INV-202 group at 3
mg/kg (Figure 2C). Compared with the vehicle group, there was a
significant improvement in both INV-202 groups for albumin
excretion and the urinary albumin to creatinine ratio
(ACR; Figure 2D).

3.3 INV-202 decreased urinary excretion of
Agt Il and expression of Agt Il and CB1R
renal receptor

The RAAS is highly involved in DN; its inhibition plays a

significant role in the clinical treatment of the disease. Here, Agt II
was quantified in the plasma and urine. Expression of Agtrla, which
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codes for the Agt II receptor in the kidney, was also assessed. While
plasma levels were similar across groups, the urinary Agt II
excretion was increased in the vehicle group, and significantly
reduced in the INV-202 groups regardless of dose (Figure 3A).
Notably, a significant increase in Agtrla and Cnrl (coding for
CBIR) renal expression was seen in the vehicle group, which was
significantly decreased in the INV-202 groups in a dose-dependent
manner for Agtrla while both doses normalized Cnrl expression
(Figure 3B). This observation is of particular importance as CBIR
may interact with Agt II signaling by heteromerization with its
receptor in the kidney (29, 30).

3.4 INV-202 improves the glomerular
filtration rate and prevents glomerular
remodeling

The glomerular filtration rate (GFR) is typically decreased in
humans with chronic kidney disease. In our model, the pathology
stage resembles the hyperfiltration observed in early or mid-
impaired functions (31). We estimated GFR by assessing
creatinine clearance (CCr). The mean CCr was increased in the
vehicle group compared to control mice and significantly decreased
in the INV-202 group at 3 mg/kg (Figure 4A). Such changes in
kidney function are associated with glomerulopathy characterized
by an increase in glomeruli size and in the mesangial space. These
changes were observed in the diabetic vehicle group compared with
nondiabetic controls but were reversed in the INV-202 groups in a

frontiersin.org


https://doi.org/10.3389/fneph.2023.1138416
https://www.frontiersin.org/journals/nephrology
https://www.frontiersin.org

Jacquot et al.

10.3389/fneph.2023.1138416

A
0.3 40+ 1500~
.© # . .
o . # =) - S (O]
< 02 : 2 207" ey 8 ~ 1000 %
-1 Ny AN - ok °
g £ A 23 g o
2 = g
o 0.1- 3 8 = 500 . N
o= O 101 o .
¢ i alNINI
. 0
C V10313 C V 103 I3 C V103 I3
(o]
= a0- = :
& 60 S =00 *:* @® Control
2 2 .
~ 404 * E 200 @ Vehicle
he] he]
lo] ° ° ° o)
° . . 3 @ INV-202 (0.3 mg/kg)
S 20- . S 1001
o i i H 0 @ INV-202 (3 mg/kg)
4]
£ [0}
5 0- S o
C V 10313
D —
e
& 20001 2500+
m L]
= 15001 . _ 2000
o <
k9] exn S 1500- ;
g 1000 S 1000 :
3 LI < $
£ S0 | we  500{ |° ﬁ .
5 El & o |17
< C V 103 I3 C V103 I3

FIGURE 2

INV-202 treatment effects on different parameters associated with diabetic nephropathy. (A) Relative kidney mass and body weight following
treatment. (B) Glycemia following treatment. (C) Polyuria and urinary urea following treatment. (D) Albumin excretion and urinary ACR

following treatment. Statistical significance versus nondiabetic control:

*p < 0.05; **p < 0.01; ***p < 0.001; versus vehicle: #p < 0.05; ###p

< 0.001. ACR, albumin to creatinine ratio. C: non-diabetic control mice, V: Vehicle-treated diabetic mice, 1-0.3: INV-202-treated diabetic

mice (0.3 mg/kg), 1-3: INV-202-treated diabetic mice (3 mg/kg).

dose-dependent manner (Figure 4B). Similarly, INV-202 preserved
the Bowman space to a similar level as in nondiabetic
mice (Figure 4B).

We quantified podocyte numbers per glomerulus section by
immunostaining of the WT-1 protein, which is exclusively
expressed in these cells in the kidney. The vehicle group showed a
significant loss in the mean number of podocytes per glomerulus
compared with nondiabetic controls, whereas the INV-202
groups showed limited podocyte loss in a dose-dependent
manner (Figure 4C).

Gene expression of Nphsl, Nphs2, and Pdxl, which code for the
podocyte structural proteins nephrin, podocin, and podocalyxin,
respectively, was also assessed. Compared with nondiabetic
controls, the vehicle group showed nonsignificant lowering of the
expression of Nphsl, Nphs2, and Podxl, whereas expression of Des
was significantly increased (Figure 4D). Desmin (Des) is a
cytoskeletal protein with significant role in tissue proliferation
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and tubulointerstitial fibrosis in kidney (32). In both INV-202
groups, expression of these four markers were comparable to
nondiabetic controls levels (Figure 4D).

3.5 INV-202 reduced renal lesions in PTECs

DN is often associated with a tubulopathy, characterized by
lesions and hyperplasia of the PTECs (32). PTECs were identified
on histological section with the help of the ImaFlow core facility.
Hyperplasia of PTECs was found in the vehicle group and INV-202
groups compared with nondiabetic controls. INV-202 partially
limited this hyperplasia (Figure 5A).

The genetic expression of megalin and of the kidney injury
molecule 1 (KIM1) were measured. KIM1 is considered a useful
marker of the presence of lesions in PTECs (33) and is involved in
the detoxification mechanism of PTECs. The reduction of megalin
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FIGURE 3

INV-202 treatment effects on angiotensin Il excretion. (A) Serum and urinary angiotensin Il concentration. (B) Agtrla and Cnrl mRNA expression that
codes for the angiotensin Il receptor and the cannabinoid 1 receptor, respectively. Statistical significance versus nondiabetic control: **p < 0.01;
***p < 0.001; versus vehicle: ##p < 0.01; ###p < 0.001; versus INV-202 group, 0.3 mg/kg: & p < 0.05. C: non-diabetic control mice, V: Vehicle-
treated diabetic mice, 1-0.3: INV-202-treated diabetic mice (0.3 mg/kg), I-3: INV-202-treated diabetic mice (3 mg/kg).

expression (Lrp2) was greatest in the vehicle group compared with
nondiabetic controls. Conversely, in the INV-202 group at 3 mg/kg,
Lrp2 expression did not significantly differ from nondiabetic
controls (Figure 5B). Gene expression of kidney injury molecule 1
(Timl) was significantly increased in the vehicle group versus
nondiabetic controls and significantly decreased in both INV-202
groups relative to the vehicle and nondiabetic control
groups (Figure 5B).

3.6 INV-202 reduced renal fibrosis

Compared with nondiabetic controls, renal fibrosis was
significantly increased in the vehicle group. Both INV-202 groups
exhibited a significant reduction in renal fibrosis compared with the
vehicle group (Figure 6A), which was associated with a decrease in
Tgfbl expression (Figure 6B). Moreover, Compared with control
mice, the vehicle group displayed a marked increase in the gene
expression of Collal, Fn-1 and Acta2, coding respectively for
Collagen, type I, alpha 1 fibronectin and o-smooth muscle actin
(Figure 6B). Both INV-202 groups showed a significant reduction in
the expression of those genes. This suggests that modulation of the
transforming growth factor-beta (TGF-B) pathway contributed to
the anti-fibrotic effect of INV-202.
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3.7 INV-202 reduces gene expression for
markers of renal oxidative stress and
inflammation

As the over-activation of the RAAS is associated with an
upregulation of reactive oxygen species (ROS)-generating
nicotinamide adenine dinucleotide phosphate (NADPH) oxidase
isoforms in diabetic Zucker rats, we assessed the gene expression of
GP91Phox (Nox2), NADPH oxidase 4 (Nox4), and P47phox (29).
Compared with the vehicle group, expression of Nox2, Nox4, and
P47phox was significantly reduced with INV-202 at 3 mg/kg
(Figure 7A). Moreover, the expression of 2 inflammatory biomarkers
was analyzed: tumor necrosis factor (Tnf) and chemokine ligand 2
(Ccl2). The expression of Tnf, but not Ccl2, was reduced with INV-202
in a dose-dependent manner (Figure 7B).

4 Discussion

Our STZ mouse model successfully reproduced various
biological markers characteristic of human diabetes, including
kidney hypertrophy, GFR alteration (estimated through the CCr
alteration), and increased albuminuria. The latter marker is of

particular clinical significance, as increased albumin excretion in
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FIGURE 4
Effects of INV-202 treatment on glomeruli. (A) Summary of calculated CCrs. (B) Representative PAS staining performed on histological sections of
kidneys from mice. Graphs summarize the mean glomerular area, Bowman space, and mesangial area (scale: 50 um). (C) Representative
immunostaining for Wilms tumor-1 protein (scale: 50 ym) with analysis of the mean podocyte numbers per glomerulus cross-section. (D) Nphs1,
Nphs2, Podxl, and Des mRNA expression coding for nephrin, podocin, podocalyxin, and desmin, respectively. Statistical significance versus
nondiabetic control: *p < 0.05; **p < 0.01; ***p < 0.001; versus vehicle: #p < 0.05; ##p < 0.01; ###p < 0.001; versus INV-202 group, 0.3 mg/kg:
&p < 0.05; &&p < 0.01. CCr, creatinine clearance; PAS, periodic acid-Schiff. C: non-diabetic control mice, V: Vehicle-treated diabetic mice, 1-0.3:
INV-202-treated diabetic mice (0.3 mg/kg), I-3: INV-202-treated diabetic mice (3 mg/kg).

urine (microalbuminuria) is an early sign of DN. Also, it is well
established that kidney weight and GER are affected from the onset
of diabetes and progressively degenerate as DN develops (34). The
significant reduction of CCr (predictive of GFR) with INV-202
treatment Compared with vehicle-treated mice was particularly
noteworthy, as glomerular hyperfiltration is apparent early in the
clinical course of diabetes and associated with an increased risk of
progression to DN (35). However, while INV-202 restored these
diabetic and DN markers, it did not restore polyuria or decrease
glycemia and body weight, as reported previously in STZ mouse
models treated with CBIR antagonists or displaying podocyte-
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specific genetic deletion of CBIR (19, 36). This suggests that the
effects of INV-202 on renal parameters reported in this study are
primarily due to remodeling of the kidney function, as opposed to
an improvement of glycemic control. The latter is supported by
similar findings that showed a disconnect between DN and
hyperglycemia upon peripheral CB1R blockade, wherein DN
improved while glycemic control remained unchanged (29).

DN is also associated with an over-activation of the RAAS and
in particular of the activity of Agt IT (37). Agt II triggers an increase
in intra-glomerular pressure and stimulates the synthesis of growth
factors such as TGF-f3, which in turn promotes the accumulation of
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INV-202 treatment effects on proximal tubule cells. (A) Representative H&E staining of kidney slides with analysis of mean surface area of PTECs
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extracellular glomerular matrix and collagen expression, leading to
the progressive formation of renal fibrosis (37). Inhibition of the
RAAS is an important part of the treatment of DN. The CBIR can
interact with Agt II and its receptor in the kidney (29). The latter
represents a common pathway by which hyperglycemia and the
RAAS elicits the various pathological changes involved in the
development of DN. Thus, the decrease in Agt II urinary
excretion and of its receptor expression Agtrla observed in vivo
may be attributable to INV-202’s CBIR inverse agonistic activity.

DN induces strong functional alterations in two cell types: the
podocytes and the PTECs (4, 38). We observed an increase in the
size of the glomeruli and of the mesangium in diabetic mice treated
with vehicle. This is aligned with literature suggesting that DN is
associated with significant structural changes in the glomeruli, such
as glomerular hypertrophy, thickening of the basal membrane, and
expansion of the mesangium (39, 40). These parameters were all
improved following treatment with INV-202. Another important
factor in the development of DN is the loss of podocyte pool, either
via cell death or detachment and excretion in the urine (4) that leads
to profound deleterious effects as the podocytes play a crucial role in
maintaining glomerular selectivity and permeability, and in protein
filtration (2, 3). Accordingly, we observed podocyte loss in the
glomeruli of the diabetic vehicle-treated mice, which was reversed
by INV-202 in a dose-dependent manner (WT-1 staining, Figure 5).
We further demonstrated that INV-202 blocked the deleterious
effects of diabetes on the expression of the genes (Nphs1, Nphs2, and
Pdxl) coding for structural proteins (nephrin, podocin, and
podocalyxin, respectively). This protection over podocyte loss is
particularly important, as those cells are terminally differentiated
and cannot replicate except in the presence of human
immunodeficiency virus infection (41, 42).
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DN is classically associated with an increase in oxidative stress
and inflammation (43). In agreement with those features, the
vehicle-treated diabetic mice displayed an increase in the
expression of genes (Nox2, Nox4, and P47phox) coding for
NADPH oxidative isoforms responsible for the generation of ROS
and ensuing oxidative stress; and for the gene (Tnf) coding for TNF
linked to inflammation. INV-202 mitigated those effects in a dose-
dependent manner.

PTECs are the main site of glucose reabsorption via SGLT2
expression and activity (7). Diabetic nephropathy is often associated
with tubulopathy, characterized by lesions and hyperplasia of the
PTECs, and with cellular death triggered by a decrease in lipocalin-2
expression (44, 45). INV-202 treatment partially reduced tubular
hyperplasia and blocked the negative effects of diabetes on lipocalin-
2 protein expression. Moreover, INV-202 possibly improved PTEC
function as gene expression of megalin was restored to normal
levels. This is particularly relevant since megalin, which is typically
decreased in diabetes, is both involved in the reabsorption process
of proteins and in the detoxification process of the body (9, 10).
Therefore, its inhibition during diabetes contributes to the
development of albuminuria (46). We also observed a marked
reduction in the expression of KIMI1, a strong marker of PTEC
lesions, which suggests a clear improvement in PTEC function and
survival (33).

CBIR blockade has additional beneficial sodium-dependent and
metabolic effects in PTECs. CB1R antagonism downregulated Na*/
K*-ATPase activity in an in vitro PTEC (LLC-PK1) cell model (47)
and in an ischemia and reperfusion LLC-PK1 kidney injury model
(48). Accordingly, effects on CBI1 inhibition may promote
natriuresis, which would be beneficial in the management of
hypertension, a major factor in the progression of diabetic kidney
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disease (49). Inhibition of Na"/K*-ATPase activity may further
downregulate the sodium-dependent neutral amino acid
transporter BOATI, reducing amino acid bioavailability for the
activation of mTORCI (50). During hyperglycemia, blockade of
CBIR also inhibits enhanced mTORCI1 activity, downregulating
GLUT?2 expression in PTECs, which prevented diabetic mice from
developing diabetic kidney disease (50).

Another interesting finding was the reduction in tubulo-
interstitial fibrosis observed in INV-202 treated animals and
associated reduction in TGF-fB expression. Recently, CB1R was
identified as a key player in the fibrogenic process in various tissues
such as the liver (51, 52), lungs (53, 54), skin (55), and kidneys (56—
58). In non-metabolic renal disease, CBIR gene expression is
among the 10 most up-regulated genes in an experimental
unilateral ureter obstruction model of renal fibrosis (56) and
CBIR inhibition (genetic or pharmacological) profoundly reduces
renal fibrosis (56), mainly through a direct action on renal
interstitial myofibroblasts. Moreover, CBIR was described as a
major contributor of chronic allograft dysfunction by inducing
fibrosis (57). In all studies, reno-protection induced by CBIR
modulation, either with neutral antagonists or inverse agonists,
was associated with a reduction in TGF-B-mediated collagen
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deposition. The exact mechanism by which CBI1R blockade
reduces TGF-f signaling requires further study. However, it is
reasonable to speculate that improvements in metabolic efficiency
of the PTECs may allow them to better cope with oxidative stress,
reducing senescence and other fibrotic pathways.

Lastly, improvements in several biomarkers were observed at
the lowest dose of INV-202. Compared with vehicle, treatment with
INV-202 0.3 mg/kg significantly decreased the mean excreted
albumin, ACR, Agt II, gene expression of Agt II (Agtrla) and
CBIR (Cnrl) renal receptors, mesangial area, fibrosis score and
Tgfbl gene expression, and expression of Tnf related to
inflammation; and significantly increased the mean Bowman
space, expression of genes coding for podocyte structural proteins
(Nphsl, Nphs2, Pdxl), and preserved podocyte per glomerulus
cross-section. This suggests that, even at low doses, INV-202 has
the potential for beneficial effects on kidney function in patients
with diabetic kidney disease.

In conclusion, we demonstrated the potential therapeutic effect
of INV-202 in a STZ-induced DN mouse model. Our results suggest
that INV-202 may represent a new therapeutic option in the
treatment of diabetic kidney disease. Further studies in preclinical
models are warranted to further clarify the mechanisms by which
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FIGURE 7

INV-202 reduces both renal oxidative stress and inflammatory markers. (A) mRNA analysis of Nox2, Nox4, and P47phox coding for NADPH oxidative
isoforms (GP91Phox, NADPH oxidative 4, and neutrophil cytosol factor 1, respectively). (B) mRNA analysis of Tnf and Ccl2 coding for TNF and C-C motif
chemokine ligand 2. Statistical significance versus nondiabetic control: *p < 0.05; **p < 0.01; versus vehicle: #p < 0.05; ##p < 0.01; ###p < 0.001; versus
INV-202 group, 0.3 mg/kg: &p < 0.05. NADPH, nicotinamide adenine dinucleotide phosphate; TNF, tumor necrosis factor. C: non-diabetic control mice, V:
Vehicle-treated diabetic mice, -0.3: INV-202-treated diabetic mice (0.3 mg/kg), I-3: INV-202-treated diabetic mice (3 mg/kg).

CBIR blockade confers protection. Clinical trials in humans using
this therapeutic approach are also underway (NCT05514548).

Data availability statement

The original contributions presented in the study are
included in the article. Further inquiries can be directed to the
corresponding author.

Ethics statement

The animal study was reviewed and approved by CE2A,
comité d’éthique de I'Université de Bourgogne (APAFIS #16799
and 39296).

Author contributions

PD, BV, GC, and TJ conceived and planned the experiments. L],
OP, CR-V, CB, IR, JL, PP-D, LD, and TJ carried out most of the
experiments. RB performed histological staining and analysis. All
authors provided critical feedback and helped shape the research,
analysis, and manuscript. TJ is the guarantor of this work and, as

Frontiers in Nephrology

11

such, had full access to all data in the study and takes responsibility for
the integrity of the data and the accuracy of the data analyses. All
authors contributed to the article and approved the submitted version.

Funding

This work was supported by INSERM, University of Burgundy
and Franche-Comtel, the Societé Francophone du Diabeéte, a grant
from the European Regional Development Fund (FEDER
MASCOT-DM, 2019Y-10619) and by a French government grant
managed by the French National Research Agency (ANR) under the
program Investissements d’Avenir with the reference ANR-11-
LABX-0021-01-LipSTIC LabEx. Additional funding for this study
was provided by Inversago Pharma, Inc.

Acknowledgments

The authors thank Serge Monier and Laura Guenot from the
ImaFlow core facility, as well as Jean-Paul Pais de Barros and
Heélene Choubley from the Lipidomic Analytical Platform, INSERM
UMRI231 “Lipids, Nutrition, Cancer,” for excellent technical
assistance. The authors would also like to thank Rod Gossen for
his editorial support.

frontiersin.org


https://doi.org/10.3389/fneph.2023.1138416
https://www.frontiersin.org/journals/nephrology
https://www.frontiersin.org

Jacquot et al.

Conflict of interest

Author GC is the Chief Medical Officer at Inversago Pharma, Inc.

The remaining authors declare that the research was conducted
in the absence of any commercial or financial relationships that
could be construed as a potential conflict of interest.

The authors declare that this study received funding from
Inversago Pharma, Inc. The funder had the following involvement
with the study: study design.

References

1. International Diabetes Federation. IDF diabetes atlas 10th edition (2021).
Brussels, Belgium: International Diabetes Federation. Available at: https://
diabetesatlas.org/atlas/tenth-edition/ (Accessed November 11, 2022).

2. Pavenstidt H, Kriz W, Kretzler M. Cell biology of the glomerular podocyte.
Physiol Rev (2003) 83:253-307. doi: 10.1152/physrev.00020.2002

3. Reiser J, Altintas MM. Podocytes. In: FI000Research, vol. 5. (2016). p. F1000
Faculty Rev-114. doi: 10.12688/f1000research.7255.1

4. Kopp JB, Anders H-J, Susztak K, Podesta MA, Remuzzi G, Hildebrandt F, et al.
Podocytopathies. Nat Rev Dis Primer (2020) 6:68. doi: 10.1038/s41572-020-0196-7

5. Papadopoulou-Marketou N, Chrousos GP, Kanaka-Gantenbein C. Diabetic
nephropathy in type 1 diabetes: A review of early natural history, pathogenesis, and
diagnosis: Diabetic nephropathy in type 1 diabetes. Diabetes Metab Res Rev (2017) 33:
€2841. doi: 10.1002/dmrr.2841

6. Raparia K, Usman I, Kanwar YS. Renal morphologic lesions reminiscent of
diabetic nephropathy. Arch Pathol Lab Med (2013) 137:351-9. doi: 10.5858/arpa.2012-
0243-RA

7. Rahmoune H, Thompson PW, Ward JM, Smith CD, Hong G, Brown J. Glucose
transporters in human renal proximal tubular cells isolated from the urine of patients
with non-Insulin-Dependent diabetes. Diabetes (2005) 54:3427-34. doi: 10.2337/
diabetes.54.12.3427

8. Hinden L, Udi S, Drori A, Gammal A, Nemirovski A, Hadar R, et al. Modulation
of renal GLUT2 by the cannabinoid-1 receptor: Implications for the treatment of
diabetic nephropathy. J Am Soc Nephrol (2018) 29:434-48. doi: 10.1681/
ASN.2017040371

9. Mahadevappa R, Nielsen R, Christensen EI, Birn H. Megalin in acute kidney
injury: foe and friend. Am ] Physiol-Ren Physiol (2014) 306:F147-54. doi: 10.1152/
ajprenal.00378.2013

10. Marzolo M-P, Farfan P. New insights into the roles of Megalin/LRP2 and the
regulation of its functional expression. Biol Res (2011) 44:89-105. doi: 10.4067/S0716-
97602011000100012

11. Zhang F, Liu H, Liu D, Liu Y, Li H, Tan X, et al. Effects of RAAS inhibitors in
patients with kidney disease. Curr Hypertens Rep (2017) 19:72. doi: 10.1007/s11906-
017-0771-9

12. de Boer IH, Caramori ML, Chan JCN, Heerspink HJL, Hurst C, Khunti K, et al.
KDIGO 2020 clinical practice guideline for diabetes management in chronic kidney
disease. Kidney Int (2020) 98:51-S115. doi: 10.1016/j.kint.2020.06.019

13. Huang Y, Jiang Z, Wei Y. Efficacy and safety of the SGLT2 inhibitor
dapagliflozin in type 1 diabetes: A meta-analysis of randomized controlled trials. Exp
Ther Med (2021) 21:382. doi: 10.3892/etm.2021.9813

14. Wanner C, Inzucchi SE, Lachin JM, Fitchett D, von Eynatten M, Mattheus M,
et al. Empagliflozin and progression of kidney disease in type 2 diabetes. N Engl ] Med
(2016) 375:323-34. doi: 10.1056/NEJMoal515920

15. Halimi J-M. Inhibiteurs du SGLT2 : Mécanisme d’action, effets rénaux et effets
sur la pression artérielle. Médecine Mal Meétaboliques (2015) 9:526-9. doi: 10.1016/
$1957-2557(15)30054-7

16. Heerspink HJL, Stefansson BV, Correa-Rotter R, Chertow GM, Greene T, Hou
F-F, et al. Dapagliflozin in patients with chronic kidney disease. N Engl ] Med (2020)
383:1436-46. doi: 10.1056/NEJM0a2024816

17. Francois H, Lecru L. The role of cannabinoid receptors in renal diseases. Curr
Med Chem (2018) 25:793-801. doi: 10.2174/0929867324666170911170020

18. Tam J. The emerging role of the endocannabinoid system in the pathogenesis
and treatment of kidney diseases. J Basic Clin Physiol Pharmacol (2016) 27:267-76.
doi: 10.1515/jbcpp-2015-0055

19. Barutta F, Corbelli A, Mastrocola R, Gambino R, Di Marzo V, Pinach S, et al.
Cannabinoid receptor 1 blockade ameliorates albuminuria in experimental diabetic
nephropathy. Diabetes (2010) 59:1046-54. doi: 10.2337/db09-1336

Frontiers in Nephrology

12

10.3389/fneph.2023.1138416

Publisher’'s note

All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated
organizations, or those of the publisher, the editors and the
reviewers. Any product that may be evaluated in this article, or
claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.

20. Janiak P, Poirier B, Bidouard J-P, Cadrouvele C, Pierre F, Gouraud L, et al.
Blockade of cannabinoid CB1 receptors improves renal function, metabolic profile, and
increased survival of obese zucker rats. Kidney Int (2007) 72:1345-57. doi: 10.1038/
5j.ki.5002540

21. Pacher P, Batkai S, Kunos G. The endocannabinoid system as an emerging target
of pharmacotherapy. Pharmacol Rev (2006) 58:389-462. doi: 10.1124/pr.58.3.2

22. Jourdan T, Godlewski G, Kunos G. Endocannabinoid regulation of B-cell
functions: implications for glycaemic control and diabetes. Diabetes Obes Metab
(2016) 18:549-57. doi: 10.1111/dom.12646

23. Rosenstock J, Hollander P, Chevalier S, Iranmanesh Afor the SERENADE Study
Group. SERENADE: The study evaluating rimonabant efficacy in drug-naive diabetic
Patients : Effects of monotherapy with rimonabant, the first selective CB1 receptor
antagonist, on glycemic control, body weight, and lipid profile in drug-naive type 2
diabetes. . Diabetes Care (2008) 31:2169-76. doi: 10.2337/dc08-0386

24. Després J-P, Golay A, Sjostrom L. Effects of rimonabant on metabolic risk
factors in overweight patients with dyslipidemia. N Engl | Med (2005) 353:2121-34.
doi: 10.1056/NEJMoa044537

25. Van Gaal LF, Scheen AJ, Rissanen AM, Réssner S, Hanotin C, Ziegler O, et al.
Long-term effect of CB1 blockade with rimonabant on cardiometabolic risk factors:
Two year results from the RIO-Europe study. Eur Heart J (2008) 29:1761-71.
doi: 10.1093/eurheartj/ehn076

26. Le Foll B, Gorelick DA, Goldberg SR. The future of endocannabinoid-oriented
clinical research after CB1 antagonists. Psychopharmacol (Berl) (2009) 205:171-4.
doi: 10.1007/s00213-009-1506-7

27. Cinar R, Iyer MR, Kunos G. The therapeutic potential of second and third
generation CBIR antagonists. Pharmacol Ther (2020) 208:107477. doi: 10.1016/
j.pharmthera.2020.107477

28. Liu Z, Iyer MR, Godlewski G, Jourdan T, Liu J, Coffey NJ, et al. Functional
selectivity of a biased cannabinoid-1 receptor (CBIR) antagonist. ACS Pharmacol
Transl Sci (2021) 4:1175-87. doi: 10.1021/acsptsci.1c00048

29. Jourdan T, Szanda G, Rosenberg AZ, Tam ], Earley BJ, Godlewski G, et al.
Overactive cannabinoid 1 receptor in podocytes drives type 2 diabetic nephropathy.
Proc Natl Acad Sci (2014) 111:E5420-8. doi: 10.1073/pnas.1419901111

30. Rozenfeld R, Gupta A, Gagnidze K, Lim MP, Gomes I, Lee-Ramos D, et al.
ATI1R-CB,R heteromerization reveals a new mechanism for the pathogenic properties
of angiotensin II. EMBO ] (2011) 30:2350-63. doi: 10.1038/emboj.2011.139

31. Barutta F, Bellini S, Canepa S, Durazzo M, Gruden G. Novel biomarkers of
diabetic kidney disease: current status and potential clinical application. Acta Diabetol
(2021) 58:819-30. doi: 10.1007/500592-020-01656-9

32. Gonlusen G, Ergin M, Paydas S, Tunali N. The expression of cytoskeletal
proteins (alpha-SMA, vimentin, desmin) in kidney tissue: a comparison of fetal, normal
kidneys, and glomerulonephritis. Int Urol Nephrol (2001) 33:299-305. doi: 10.1023/
a:1015226426000

33. Han WK, Bailly V, Abichandani R, Thadhani R, Bonventre JV. Kidney injury
molecule-1 (KIM-1): A novel biomarker for human renal proximal tubule injury.
Kidney Int (2002) 62:237-44. doi: 10.1046/j.1523-1755.2002.00433 .x

34. Zerbini G, Bonfanti R, Meschi F, Bognetti E, Paesano PL, Gianolli L, et al.
Persistent renal hypertrophy and faster decline of glomerular filtration rate precede the
development of microalbuminuria in type 1 diabetes. Diabetes (2006) 55:2620-5.
doi: 10.2337/db06-0592

35. Magee GM, Bilous RW, Cardwell CR, Hunter SJ, Kee F, Fogarty DG. Is
hyperfiltration associated with the future risk of developing diabetic nephropathy? a
meta-analysis. Diabetologia (2009) 52:691-7. doi: 10.1007/s00125-009-1268-0

36. Jourdan T, Park JK, Varga ZV, Paloczi ], Coffey NJ, Rosenberg AZ, et al.
Cannabinoid-1 receptor deletion in podocytes mitigates both glomerular and tubular
dysfunction in a mouse model of diabetic nephropathy. Diabetes Obes Metab (2018)
20:698-708. doi: 10.1111/dom.13150

frontiersin.org


https://diabetesatlas.org/atlas/tenth-edition/
https://diabetesatlas.org/atlas/tenth-edition/
https://doi.org/10.1152/physrev.00020.2002
https://doi.org/10.12688/f1000research.7255.1
https://doi.org/10.1038/s41572-020-0196-7
https://doi.org/10.1002/dmrr.2841
https://doi.org/10.5858/arpa.2012-0243-RA
https://doi.org/10.5858/arpa.2012-0243-RA
https://doi.org/10.2337/diabetes.54.12.3427
https://doi.org/10.2337/diabetes.54.12.3427
https://doi.org/10.1681/ASN.2017040371
https://doi.org/10.1681/ASN.2017040371
https://doi.org/10.1152/ajprenal.00378.2013
https://doi.org/10.1152/ajprenal.00378.2013
https://doi.org/10.4067/S0716-97602011000100012
https://doi.org/10.4067/S0716-97602011000100012
https://doi.org/10.1007/s11906-017-0771-9
https://doi.org/10.1007/s11906-017-0771-9
https://doi.org/10.1016/j.kint.2020.06.019
https://doi.org/10.3892/etm.2021.9813
https://doi.org/10.1056/NEJMoa1515920
https://doi.org/10.1016/S1957-2557(15)30054-7
https://doi.org/10.1016/S1957-2557(15)30054-7
https://doi.org/10.1056/NEJMoa2024816
https://doi.org/10.2174/0929867324666170911170020
https://doi.org/10.1515/jbcpp-2015-0055
https://doi.org/10.2337/db09-1336
https://doi.org/10.1038/sj.ki.5002540
https://doi.org/10.1038/sj.ki.5002540
https://doi.org/10.1124/pr.58.3.2
https://doi.org/10.1111/dom.12646
https://doi.org/10.2337/dc08-0386
https://doi.org/10.1056/NEJMoa044537
https://doi.org/10.1093/eurheartj/ehn076
https://doi.org/10.1007/s00213-009-1506-7
https://doi.org/10.1016/j.pharmthera.2020.107477
https://doi.org/10.1016/j.pharmthera.2020.107477
https://doi.org/10.1021/acsptsci.1c00048
https://doi.org/10.1073/pnas.1419901111
https://doi.org/10.1038/emboj.2011.139
https://doi.org/10.1007/s00592-020-01656-9
https://doi.org/10.1023/a:1015226426000
https://doi.org/10.1023/a:1015226426000
https://doi.org/10.1046/j.1523-1755.2002.00433.x
https://doi.org/10.2337/db06-0592
https://doi.org/10.1007/s00125-009-1268-0
https://doi.org/10.1111/dom.13150
https://doi.org/10.3389/fneph.2023.1138416
https://www.frontiersin.org/journals/nephrology
https://www.frontiersin.org

Jacquot et al.

37. Chawla T, Sharma D, Singh A. Role of the renin angiotensin system in diabetic
nephropathy. World J Diabetes (2010) 1:141-5. doi: 10.4239/wjd.v1.i5.141

38. Hinden L, Tam J. Do endocannabinoids regulate glucose reabsorption in the
kidney? Nephron (2019) 143:24-7. doi: 10.1159/000494512

39. Hostetter TH. Hypertrophy and hyperfunction of the diabetic kidney. J Clin
Invest (2001) 107:161-2. doi: 10.1172/JCI12066

40. Fioretto P, Mauer M. Histopathology of diabetic nephropathy. Semin Nephrol
(2007) 27:195-207. doi: 10.1016/j.semnephrol.2007.01.012

41. Shankland SJ, Freedman BS, Pippin JW. Can podocytes be regenerated in adults?
Curr Opin Nephrol Hypertens (2017) 26:154-64. doi: 10.1097/MNH.0000000000000311

42. Rednor SJ, Ross MJ. Molecular mechanisms of injury in HIV-associated
nephropathy. Front Med (2018) 5:177. doi: 10.3389/fmed.2018.00177

43. Mima A. Inflammation and oxidative stress in diabetic nephropathy: New
insights on its inhibition as new therapeutic targets. ] Diabetes Res (2013) 2013:248563.
doi: 10.1155/2013/248563

44. Castillo-Rodriguez E, Fernandez-Prado R, Martin-Cleary C, Pizarro-Sanchez
MS, Sanchez-Nifio MD, Sanz AB, et al. Kidney injury marker 1 and neutrophil
gelatinase-associated lipocalin in chronic kidney disease. Nephron (2017) 136:263-7.
doi: 10.1159/000447649

45. Tang SCW, Lai KN. The pathogenic role of the renal proximal tubular cell in
diabetic nephropathy. Nephrol Dial Transplant (2012) 27:3049-56. doi: 10.1093/ndt/
gfs260

46. Tojo A, Onozato ML, Ha H, Kurihara H, Sakai T, Goto A, et al. Reduced
albumin reabsorption in the proximal tubule of early-stage diabetic rats. Histochem Cell
Biol (2001) 116:269-76. doi: 10.1007/s004180100317

47. Sampaio LS, Taveira Da Silva R, Lima D, Sampaio CLC, Iannotti FA, Mazzarella
E, et al. The endocannabinoid system in renal cells: Regulation of na+ transport by CB1
receptors through distinct cell signalling pathways. Br ] Pharmacol (2015) 172:4615-25.
doi: 10.1111/bph.13050

48. Sampaio LS, Tannotti FA, Veneziani L, Borelli-Torres RT, De Maio F, Piscitelli F,
et al. Experimental ischemia/reperfusion model impairs endocannabinoid signaling
and Na+/K+ ATPase expression and activity in kidney proximal tubule cells. Biochem
Pharmacol (2018) 154:482-91. doi: 10.1016/j.bcp.2018.06.005

Frontiers in Nephrology

13

10.3389/fneph.2023.1138416

49. Dao M, Frangois H. Cannabinoid receptor 1 inhibition in chronic kidney
disease: A new therapeutic toolbox. Front Endocrinol (2021) 12:720734. doi: 10.3389/
fendo.2021.720734

50. Hinden L, Ahmad M, Hamad S, Nemirovski A, Szanda G, Glasmacher §, et al.
Opposite physiological and pathological mnTORCI-mediated roles of the CB1 receptor
in regulating renal tubular function. Nat Commun (2022) 13:1783. doi: 10.1038/
541467-022-29124-8

51. Teixeira-Clerc F, Julien B, Grenard P, Tran Van Nhieu ], Deveaux V, Li L, et al.
CB1 cannabinoid receptor antagonism: A new strategy for the treatment of liver
fibrosis. Nat Med (2006) 12:671-6. doi: 10.1038/nm1421

52. Cinar R, Iyer MR, Liu Z, Cao Z, Jourdan T, Erdelyi K, et al. Hybrid inhibitor of
peripheral cannabinoid-1 receptors and inducible nitric oxide synthase mitigates liver
fibrosis. JCI Insight (2016) 1(11):e87336. doi: 10.1172/jci.insight.87336

53. Cinar R, Gochuico BR, Iyer MR, Jourdan T, Yokoyama T, Park JK, et al.
Cannabinoid CB1 receptor overactivity contributes to the pathogenesis of idiopathic
pulmonary fibrosis. JCI Insight (2017) 2:€92281. doi: 10.1172/jci.insight.92281

54. Cinar R, Park JK, Zawatsky CN, Coffey NJ, Bodine SP, Abdalla J, et al. CB1 r and
iNOS are distinct players promoting pulmonary fibrosis in hermansky-pudlak
syndrome. Clin Transl Med (2021) 11:e471. doi: 10.1002/ctm2.471

55. Zawatsky CN, Park JK, Abdalla J, Kunos G, Iyer MR, Cinar R. Peripheral hybrid
CBIR and iNOS antagonist MRI-1867 displays anti-fibrotic efficacy in bleomycin-induced
skin fibrosis. Front Endocrinol (2021) 12:744857. doi: 10.3389/fend0.2021.744857

56. Lecru L, Desterke C, Grassin-Delyle S, Chatziantoniou C, Vandermeersch S,
Devocelle A, et al. Cannabinoid receptor 1 is a major mediator of renal fibrosis. Kidney
Int (2015) 88:72-84. doi: 10.1038/ki.2015.63

57. Dao M, Lecru L, Vandermeersch S, Ferreira M, Ferlicot S, Posseme K, et al. The
cannabinoid receptor 1 is involved in renal fibrosis during chronic allograft
dysfunction: Proof of concept. J Cell Mol Med (2019) 23:7279-88. doi: 10.1111/
jemm.14570

58. Eid BG, Neamatallah T, Hanafy A, El-Bassossy HM, Binmahfouz L, Aldawsari
HM, et al. Interference with TGFB1-mediated inflammation and fibrosis underlies
Reno-protective effects of the CBI receptor neutral antagonists AM6545 and AM4113
in a rat model of metabolic syndrome. Mol Basel Switz (2021) 26:866. doi: 10.3390/
molecules26040866

frontiersin.org


https://doi.org/10.4239/wjd.v1.i5.141
https://doi.org/10.1159/000494512
https://doi.org/10.1172/JCI12066
https://doi.org/10.1016/j.semnephrol.2007.01.012
https://doi.org/10.1097/MNH.0000000000000311
https://doi.org/10.3389/fmed.2018.00177
https://doi.org/10.1155/2013/248563
https://doi.org/10.1159/000447649
https://doi.org/10.1093/ndt/gfs260
https://doi.org/10.1093/ndt/gfs260
https://doi.org/10.1007/s004180100317
https://doi.org/10.1111/bph.13050
https://doi.org/10.1016/j.bcp.2018.06.005
https://doi.org/10.3389/fendo.2021.720734
https://doi.org/10.3389/fendo.2021.720734
https://doi.org/10.1038/s41467-022-29124-8
https://doi.org/10.1038/s41467-022-29124-8
https://doi.org/10.1038/nm1421
https://doi.org/10.1172/jci.insight.87336
https://doi.org/10.1172/jci.insight.92281
https://doi.org/10.1002/ctm2.471
https://doi.org/10.3389/fendo.2021.744857
https://doi.org/10.1038/ki.2015.63
https://doi.org/10.1111/jcmm.14570
https://doi.org/10.1111/jcmm.14570
https://doi.org/10.3390/molecules26040866
https://doi.org/10.3390/molecules26040866
https://doi.org/10.3389/fneph.2023.1138416
https://www.frontiersin.org/journals/nephrology
https://www.frontiersin.org

	Therapeutic potential of a novel peripherally restricted CB1R inverse agonist on the progression of diabetic nephropathy
	1 Introduction
	2 Material and methods
	2.1 Animals and disease induction
	2.2 Pharmacological treatment and termination
	2.3 Biochemical markers
	2.4 Histology
	2.5 Semi-Quantitative reverse transcription polymerase chain reaction
	2.6 Statistical analysis

	3 Results
	3.1 Diabetes induction and randomization
	3.2 INV-202 does not modify body weight nor hyperglycemia but can reverse renal hypertrophy and improve blood and urinary parameters
	3.3 INV-202 decreased urinary excretion of Agt II and expression of Agt II and CB1R renal receptor
	3.4 INV-202 improves the glomerular filtration rate and prevents glomerular remodeling
	3.5 INV-202 reduced renal lesions in PTECs
	3.6 INV-202 reduced renal fibrosis
	3.7 INV-202 reduces gene expression for markers of renal oxidative stress and inflammation

	4 Discussion
	Data availability statement
	Ethics statement
	Author contributions
	Funding
	Acknowledgments
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /PageByPage
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages false
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /sRGB
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 1
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /ENU (T&F settings for black and white printer PDFs 20081208)
  >>
  /ExportLayers /ExportVisibleLayers
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        0
        0
        0
        0
      ]
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /ClipComplexRegions true
        /ConvertStrokesToOutlines false
        /ConvertTextToOutlines false
        /GradientResolution 300
        /LineArtTextResolution 1200
        /PresetName ([High Resolution])
        /PresetSelector /HighResolution
        /RasterVectorBalance 1
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks true
      /IncludeHyperlinks true
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


