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Influence of carnosine and carnosinase-1 on diabetes-induced afferent arteriole
vasodilation: implications for glomerular hemodynamics
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Abstract

Dysregulation in glomerular hemodynamics favors hyperfiltration in diabetic kidney disease (DKD). Although carnosine supplementa-
tion ameliorates features of DKD, its effect on glomerular vasoregulation is not known. We assessed the influence of carnosine and
carnosinase-1 (CN1) on afferent glomerular arteriole vasodilation and its association with glomerular size, hypertrophy, and nephrin
expression in diabetic BTBR®”*® mice. Two cohorts of mice including appropriate controls were studied: i.e., diabetic mice that
received oral carnosine supplementation (cohort 1) and human (h)CN1 transgenic (TG) diabetic mice (cohort 2). The lumen area ratio
(LAR) of the afferent arterioles and glomerular parameters were measured by conventional histology. Three-dimensional analysis using
a tissue clearing strategy was also used. In both cohorts, LAR was significantly larger in diabetic BTBR°”°® versus nondiabetic
BTBR** mice (0.41£0.05 vs. 0.26+£0.07, P < 0.0001 and 0.42+0.06 vs. 0.29+0.04, P < 0.0001) and associated with glomerular
size (cohort 1. r = 0.55, P = 0.001 and cohort 2: r = 0.89, P < 0.0001). LAR was partially normalized by oral carnosine supplementation
(0.34+0.05 vs. 0.41£0.05, P = 0.004) but did not differ between hCN1 TG and wild-type BTBR°”°? mice. In hCN1 TG mice, serum
CN1 concentrations correlated with LAR (r = 0.90, P = 0.006). Diabetic mice displayed decreased nephrin expression and increased
glomerular hypertrophy. This was not significantly different in hCN1 TG BTBR®”°? mice (P = 0.06 and P = 0.08, respectively). In con-
clusion, carnosine and CN1 may affect intraglomerular pressure in an opposing manner through the regulation of afferent arteriolar
tone. This study corroborates previous findings on the role of carnosine in the progression of DKD.

NEW & NOTEWORTHY Dysregulation in glomerular hemodynamics favors hyperfiltration in diabetic kidney disease (DKD).
Although carnosine supplementation ameliorates features of DKD, its effect on glomerular vasoregulation is not known. We
assessed the influence of carnosine and carnosinase-1 (CN1) on afferent glomerular arteriole vasodilation and its association with
glomerular size, hypertrophy, and nephrin expression in diabetic BTBR®”°® mice. Our results provide evidence that carnosine
feeding and CN1 overexpression likely affect intraglomerular pressure through vasoregulation of the afferent arteriole.

carnosine; carnosinase-1; diabetic kidney disease; glomerular hemodynamics; glomerular hyperfiltration

INTRODUCTION

Due to the increasing prevalence of diabetes (1), diabetic
kidney disease (DKD) is the most common etiology of chronic
kidney disease and end-stage renal disease in the Western
world (2).

Glomerular hyperfiltration, defined as a supraphysiological
increase in the glomerular filtration rate (GFR), is considered
one of the primary events in the course of DKD. It has been
proposed that this maladaptive response, comprising tubular
and vascular factors, causes vasodilation and vasoconstric-
tion of the afferent and efferent arterioles, respectively,
thereby increasing intraglomerular pressure (3, 4). Obesity (5),
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hyperglycemia (6), and unbalanced insulin levels (7) play im-
portant roles in glomerular hemodynamic dysregulation. It is
believed that in diabetes glomerular hemodynamic dysregula-
tion precedes the onset and/or progression of albuminuria (8,
9) and overall predisposes to nephron damage by increasing
intraglomerular hydraulic pressure (3). These changes in glo-
merular hemodynamics are often accompanied by morpholog-
ical and ultrastructural events characterized by kidney size
enlargement, an increase in the filtration surface area of the
glomerulus (3), and glomerular and tubular hypertrophy (10).
A number of studies have shown that carnosine (p-alanyl-L-
histidine), a naturally occurring dipeptide with antiglycating
and antioxidating properties (11, 12), improves metabolic
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profiles of diabetes and affords protection against DKD pro-
gression. As such, carnosine supplementation improves hyper-
glycemia and enhances insulin secretion in mouse models of
type 2 diabetes (13, 14). In Zucker obese and streptozotocin-
induced diabetic rats, carnosine ameliorates dyslipidemia (15,
16), attenuates albuminuria, restores glomerular ultrastructure,
and prevents podocyte loss (17).

A potential protective role for carnosine in DKD has also
been disclosed in genetic studies in humans, which identified
the gene for the carnosine hydrolyzing enzyme carnosinase-1
(CN1), i.e., carnosinase dipeptidase 1 (CNDPI), as a risk factor
for developing DKD (18-22). A 3-nt (CTG) repeat polymorphism
in the signal peptide sequence of the CNDPI gene influences
CNI1 secretion (23) and correlates with serum CN1 concentra-
tions. Based on the current evidence, it has been put forward
that patients carrying the short (CTG)s CNDPI allelic variant
have a lower risk to develop DKD because of low serum CN1
concentrations, which, in principle, allow higher tissue carno-
sine levels (23).

In line with this, overexpression of human (h)CN1 in mice
reduces tissue carnosine levels, aggravates albuminuria, and
worsens glomerular structural changes observed under dia-
betic conditions (14, 24, 25).

The profound effects of carnosine feeding and hCN1 over-
expression on metabolic and renal histopathological param-
eters in the Kidney (13, 14, 24, 25) are suggestive of changes
in glomerular hyperfiltration and thereby in intraglomerular
pressure.

Thus, the aim of this study was to investigate whether car-
nosine supplementation and overexpression of hCN1 affect
glomerular hemodynamics through changes in the afferent
arteriolar tone of diabetic mice. To this end, we used the
BTBR’”°” mouse model (26), which develops obesity, hyper-
glycemia, and hyperfiltration (27) and recapitulates many of
the typical characteristics of human DKD in the late stages of
the disease (26). We made use of conventional histology and
a tissue clearing and perfusion staining methodology for
three-dimensional (3D) analysis to estimate glomerular size
and dilation of the afferent arteriole as indirect estimations
of increased intraglomerular pressure.

MATERIALS AND METHODS

The experimental protocols and all animal procedures
were approved by the “Regierungsprasidum Karlsruhe” (AZ
35-9185.81/G-119/11, AZ 35-9185.81/G-108/13, AZ 35-9185.81/G-
116/14, AZ 35-9185.81/G-135/18, and AZ 35-9185.81/G-199/19)
and were performed in accordance with the Principles of
Laboratory Animal Care.

Experimental Design

Mice were housed in a specific pathogen-free and regularly
monitored animal facility of the University of Heidelberg at
22°C at a 12:12-h light-dark cycle. They were fed regular chow
and water ad libitum.

Carnosine levels were manipulated in BTBR??°” diabetic
mice by two experimental approaches and compared with
control BTBR°”’ and healthy (wild-type, BTBR”°?) mice,
which are not leptin-deficient. Mice were either subjected to
carnosine supplementation or genetically manipulated by

F70

overexpressing hCN1. These interventions were tested in
separated experimental groups allowing appropriate control
groups and comparisons. Clinical and laboratory parameters
from these mice have been previously reported in studies by
Albrecht et al. (13) and Qiu et al. (25).

Carnosine supplementation study.

Six-week-old male mice were purchased from Jackson
Laboratories and divided into the following three groups:
BTBR"/°® mice (n = 5), BTBR’”*” mice (n = 12), and BTBR*”*”
mice fed with carnosine (n = 14) dissolved in drinking water
(45 mg/kg body wt), as previously reported (3). The stability of
carnosine in the drinking water was ensured by replacing the
drinking bottles every third day. After 18 wk of treatment (24
wk of age), blood samples were collected from the orbital
plexus under isoflurane anesthesia.

hCN1 overexpression study.
hCNI1 transgenic (TG) female and male mice were generated
in the BTBR"”?" strain as previously described in a study by
Sauerhofer et al. (14). Six-week-old BTBR"?? (2 females and
4 males, total 1 = 6), BTBR?”°? (7 females and 3 males, total
n =10), and hCN1 TG BTBR?”°? (4 females and 3 males, total
n =7) mice were included in these experiments.

All mice from both cohorts were euthanized at week 24 of
age by means of vascular perfusion through the aorta with 4%
paraformaldehyde under ketamine and xylazine anesthesia.

Renal function study.

Eight-week-old male BTBR°”°® mice were treated for 16 wk
with carnosine via drinking water (n = 8) or fed with mouse
chow containing a Na* -glucose transporter-2 (SGLT2) inhib-
itor (60 mg/kg empagliflozin, kindly supplied by Boehringer
Ingelheim), resulting in an average daily intake of 17.4+4.3
mg/kg body wt (n = 6). Male wild-type mice (n = 4) and
untreated diabetic mice (n = 7) of 24 wk of age were also
included. FITC-sinistrin clearance was evaluated as previ-
ously described by Schreiber et al. (28). In brief, a bolus of
FITC-sinistrin (Fresenius-Kabi) is injected via a tail vein
while a transcutaneous device (MediBeacon) is placed on the
naked skin of the mouse. The half-life time clearance of the
compound registered by the device was used to determine
GFR according to the empirical equation reported in Ref. 28.
GFR measurements were conducted at 24 wk of age.

Serum CN1 Concentrations

CN1 concentrations in serum were assessed by ELISA in
BTBR’”°’ hCN1 mice by an in-house developed ELISA sys-
tem, as previously described (29).

Histological Analyses

After 4% paraformaldehyde perfusion, the Kidneys were
isolated, weighed, and embedded in paraffin. Three-microme-
ter sections were cut, deparaffinized with xylol, and rehy-
drated using an ethanol gradient. Sections were double
immunostained with renin and «-smooth muscle actin, allow-
ing identification of the afferent arterioles. The inner (lumen)
and outer vessel areas (um?) of randomly chosen afferent arte-
rioles were measured with ImageJ software. The corrected
lumen area was calculated as the inner lumen area (pmz)-to-
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outer vessel area (um?) ratio. This approach allowed us to
standardize the measurements of all the analyzed afferent
vessels in different planes, i.e., transversal, and longitudinal.
Surface areas (pmz) of 15-20 glomeruli per animal were ran-
domly chosen and measured with ImageJ software to exam-
ine glomerular hypertrophy.

Tissue Clearing and 3D Analysis

A 3D semiautomated morphometrical analysis was con-
ducted in 24-wk-old BTBR""? (n = 4) and BTBR°”*" (n = 4)
mice with a solvent-based tissue clearing and perfusion stain-
ing methodology as previously described (30) in 1- to 2-mm
kidney portions. The dye used for vascular staining was
SV620C-01-PEI, which has been designed based on three char-
acteristics essential for renal vascular staining: cationic charge
to ensure electrostatic interactions with the negatively charged
endothelium, a molecular weight of more than 50 kDa to pre-
vent filtration by the glomeruli, and a hydrodynamic diameter
of more than 6 nm to prevent leakage through the vascular fen-
estrations. These properties combined gave SV620C-01-PEI an
overall cationic charge and molecular weight of roughly 70
kDa, with an absorption maxima at 620 nm and emission in
the infrared region with the emission maxima at 750 nm.

Maximum glomerular diameter (Feret’s size) and a cross-
sectional diameter of the afferent arteriole were measured
in 30 glomeruli per mice in random 1-mm? optical sec-
tions. Afferent arterioles were identified by inspection of
vascular branches and defined as the arteriole connecting
a single glomerular tuft with a main vessel without ramifi-
cation. Image acquisition was performed with a double
light-sheet microscope (DLS TCS SP8, Leica Microsystems)
using Leica Application Suite X software (LASX v.3.5.6,
Leica Microsystems). Presegmentation, processing, and
measuring were performed using FIJI (ImageJ 1.52p) with
the ImageJ apps: 3D Objects Counter (31) and 3 D ImageJ
Suite (3DSuite) (32) on segmented files for Feret’s size
quantification. Segmentation was performed using Ilastik
(v.1.3.2).

Immunofluorescence

Double immunostaining of a-smooth muscle actin and
renin, antigen retrieval was performed using Tris-HCI
buffer (0.1 M, pH 9.0) at 85°C overnight. Endogenous per-
oxidase activity was blocked with 0.3% hydrogen peroxide.
Sections were incubated with mouse anti-human smooth
muscle actin (1:500, Dako, Glostrup, Denmark) followed by
goat anti-mouse IgG2a horseradish peroxidase-labeled sec-
ondary antibody (1:50, SouthernBiotech) and donkey anti-
goat IgG horseradish peroxidase-labeled tertiary antibody
(1:50, SouthernBiotech). Horseradish peroxidase activity
was visualized using the tetramethylrhodamine system
(Perkin-Elmer LAS). Thereafter, for renin staining, sections
were incubated overnight at 4°C with rabbit anti-mouse re-
nin (1:2,000) kindly provided by Dr. T. Inagami (Vanderbilt
University School of Medicine, Nashville, TN) (33), followed
by secondary goat anti-rabbit FITC-conjugated antibody
(1:100, SouthernBiotech). After extensive washing, DAPI so-
lution was added to the sections for nuclear staining. As neg-
ative controls, the primary antibodies were replaced by PBS
to control the cross-binding of the conjugates. To reduce

autofluorescence, sections were incubated with Sudan black
(0.15% in 70% ethanol) for 5 min and thereafter washed
extensively. Immunofluorescence was visualized using a
Leica DM4000B microscope equipped with a DFX345FX
camera using the LASv4 software package. Eight pictures at
=200 magnification per kidney were taken with identical ex-
posure settings and thereafter quantified with ImageJ soft-
ware with standardized threshold settings.

Nephrin staining was performed after antigen retrieval
by 10 mM TRIS-1 mM EDTA buffer (pH 9.0) for 30 min in a
microwave. Endogenous peroxidase activity was blocked
with 0.3% hydrogen peroxide. Unspecific binding was
reduced by incubation with 5% rabbit serum. Sections
were incubated overnight with goat anti-mouse nephrin
antibody (1:100, R&D) diluted in 1% rabbit serum and 0.1%
Triton X-100. After extensive washing, sections were incu-
bated with rabbit anti-goat horseradish peroxidase-labeled
secondary antibody (1:100, Dako) diluted in 1% rabbit se-
rum and 0.1% Triton X-100. Horseradish peroxidase activ-
ity was visualized using the tetramethylrhodamine system
(Perkin-Elmer LAS). DAPI solution was added to counter-
stain the nuclei. Eight pictures at x100 magnification were
taken per kidney with identical exposure settings and
thereafter quantified by ImageJ software with standar-
dized threshold settings and expressed as the positively
stained percent area per glomerulus.

Statistical Analysis

Data are expressed as means * SD. We performed a one-
way ANOVA test followed by a Tukey’s post hoc test to assess
the effect of the interventions, e.g., carnosine supplementa-
tion and overexpression of hCN1 on the afferent arteriole
corrected lumen area, glomerular size, and nephrin expres-
sion. To compare two groups, unpaired two-sided ¢ tests
were performed. Correlations were assessed by means of a
two-sided Pearson correlation test. Due to a skewed distribu-
tion, the albumin-to-creatinine ratio (ACR) was 2-base loga-
rithmically transformed (log,) and used as such in the
correlation analyses. In addition, data on the afferent lumen
area ratio (LAR), glomerular size, and nephrin expression
from carnosine-fed and hCN1 TG mice were normalized by
the geometric mean value of their respective untreated dia-
betic control group and expressed as a percent, allowing for
comparison of the two cohorts. A two-sided P value of <0.05
was considered as statistically significant. GraphPad Prism
8.0 and JMP software were used for analyses and creation of
the figures.

RESULTS

First, we made use of a combination of perfusion staining,
ethyl-cinnamate clearing, and 3D imaging of kidney tissue
from BTBR mice. This protocol, as previously described in
the literature (30), allowed us to clearly visualize the renal
vascular network, i.e., high-order branches of blood vessels,
the afferent and efferent arterioles, and the glomerular tuft,
which are displayed as bright fluorescent signals in a 3D
stack (Fig. 1A). By virtue of a high signal-to-noise ratio due to
optical sectioning, this approach facilitates the independent
segmentation of glomerular tufts for their morphometrical
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Figure 1. Three-dimensional analysis of glomerulus and renal microvasculature in the BTBR mouse model. A: three-dimensional reconstruction of a vascular
branch with glomeruli whose afferent (short arrow) and efferent (long arrow) arterioles were imaged in a BTBR**°? mouse (left) and BTBR®”® mouse (right)
using a light-sheet microscope after perfusion with a cationic red/infrared fluorophore and clearing with ethyl cinnamate. The bar represents depth with color
coding. B: representative orthogonal projections of BTBR**°? and BTBR®”°” phenotypes, where the afferent arteriolar diameter was measured (between the
white arrows). C and D: three-dimensional diameter (Feret, um) of 30 glomeruli (C) and cross-sectional diameter (um; D) of afferent arterioles of BTBR"°P (n=
4) and BTBR®”®” (n = 4) mice. Data are depicted as means + SD. **P <0.001. An unpaired two-sided t test was used to compare groups. E: bivariate correlation
between afferent arteriole diameter and glomerular size measured by the three-dimensional approach. Each dot represents the paired observation of afferent
arteriole estimated diameter (x-axis) and Feret’s diameter of the correspondent tuft (y-axis) of a glomerulus. Between 27 and 30 glomeruli were measured per
mouse. An overall positive linear correlation was observed between the two variables (black line, r= 0.56, P > 0.0001). Shadowed areas represent the 95%

confidence interval (Cl) of BTBR**° mice (blue, n = 4) and diabetic mice (red, n = 4). Correlations were assessed with a two-sided Pearson correlation test.

analysis and the estimation of the diameter of their corre-
sponding afferent arterioles (Fig. 1B).

In kidneys analyzed by this method, maximum glomeru-
lar diameter (Feret’s diameter) was significantly increased in
diabetic versus nondiabetic mice (157.2+13.5 vs. 103.3+16.3
pum, P = 0.002; Fig. 1C). Furthermore, the estimated diameter
of afferent arterioles in BTBR°”°’ mice was found to be
enlarged compared with BTBRV7°’ mice (16.3+0.92 vs.
11.1+1.5 pm, P = 0.001; Fig. 1D). The diameter of efferent arte-
rioles could not be accurately estimated due to a low signal-
to-noise ratio. Nevertheless, efferent arterioles of BTBR°”?®
and wild-type mice had a comparable vascular diameter
under visual inspection (Fig. 1A). A positive correlation was
observed between the estimated afferent diameter and the
Feret’s diameter of the corresponding glomerular tuft derived
from the 3D analysis (n = 237 glomeruli, r = 0.56, P < 0.0001;
Fig. 1E).

F72

Having observed changes compatible with increased intra-
glomerular pressure and hemodynamic dysregulation in
BTBR°”?? versus BTBR"”°" mice, we assessed the influence of
the carnosine/CN1 system on glomerular hemodynamics in
diabetic mice. We made use of renal specimens that were col-
lected in our previous studies (13, 25). However, because per-
fusion staining was not performed, a different approach, i.e.,
conventional histology, was used to address this question.
Two different interventions were tested, i.e., carnosine sup-
plementation and overexpression of hCN1 in BTBR?”°” mice.

Untreated BTBR”*” mice developed increased body weight
as well as albuminuria and increased HbAlc compared with
BTBR™/°® mice. Carnosine supplementation in BTBR°”°” mice
did not influence body weight but reduced albuminuria and
HbAIc significantly. Compared with diabetic mice, hCN1 TG
BTBR”°" mice displayed significantly lower body weight and
developed higher albuminuria and HbAlIc levels with
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borderline significance (Supplemental Table S1, https://doi.
0rg/10.6084/m9.figshare.14779971). Renal and metabolic pa-
rameters from these animals have been previously described
in detail in studies by Albrecht et al. (13) and Qiu et al. (25). We
also assessed the effect of sex on diabetes and DKD-associated
parameters. Kidney weight was significantly higher in BTBR¥%%"
males versus BTBRY/?? females. This was also the case for the
comparison between male BTBR®”?" and female BTBR”?"
mice. HbAlc was higher in females than in males from the
BTBR*”*’ group (Table 1).

) INFLUENCE OF CARNOSINE AND CN1ON THE AFFERENT ARTERIOLE

We determined LAR of the afferent arteriole and com-
pared it with untreated diabetic BTBR°*/°” and nondia-
betic BTBR¥”°’ mice. LAR of afferent arterioles in
diabetic BTBR°”°’ mice was significantly larger com-
pared with nondiabetic BTBRV”°” mice (0.41+0.05 vs.
0.26+0.07, P < 0.0001; Fig. 2A). Partial normalization of
the afferent LAR was observed in BTBR®”°® mice that were
orally supplemented with carnosine for 18 wk (0.34 +0.05 vs.
0.41%0.05, P = 0.004, treated vs. untreated BTBR°”°’ mice;
Fig. 2A).
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Figure 2. Opposite effects of carnosine supplementation and human (h) carnosinase-1 (CN1) overexpression on the afferent arteriole lumen in BTBR”°P
mice. A: the afferent arteriole lumen was significantly enlarged in BTBR®”°® mice compared with BTBR*Y°” mice. Carnosine supplementation for 18 wk
in BTBR®”°® mice partially normalized the enlargement of the afferent arteriole lumen. B: in a separate experiment, the lumen of afferent arterioles of
BTBR°”°" mice was also enlarged. C: although the afferent arteriole lumen area in BTBR®”°? mice overexpressing hCN1 did not significantly differ from
nontransgenic BTBR®?°® mice, the concentrations of serum CN1in BTBR®?° hCN1 mice strongly correlated with the degree of enlargement of the affer-
ent arteriole lumen. D: representative images of afferent arterioles identified by double immunofluorescent staining of renin (green) and a-smooth mus-
cle actin (orange) in kidneys sections of 24-wk-old BTBR""°? mice, BTBR®”*® mice, BTBR”°® mice fed with carnosine, and BTBR®”°? hCN1 transgenic
mice. Scale bars = 50 pum. Data are depicted as means + SD. *P < 0.05, **P < 0.01, and ***P <0.0001. ns, P > 0.05. One-way ANOVA followed by a
Tukey’s post hoc test was used to compare groups. Correlation was assessed with a two-sided Pearson correlation test. a.u., arbitrary units; g,
glomerulus.
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In a second independent cohort consisting of nondiabetic
BTBR"”°?, BTBR°”/°?, and hCN1TG BTBR®”*” mice, a similar
difference in LAR of the afferent arteriole was observed
between BTBR”°’ and nondiabetic mice (0.42=0.06 vs.
0.29+0.04, P < 0.0001) as in the first cohort (Fig. 2B).

When LAR in both cohorts was normalized for the corre-
sponding diabetic control groups, the percentage of LAR
change relative to the diabetic control in hCN1 BTBR?/°”
mice was significantly larger compared with carnosine-sup-
plemented mice (8% vs. —17%, P = 0.0001; Supplemental Fig.
S1A).

Since the vascular tone of the efferent arteriole also con-
tributes to intraglomerular pressure, we measured the
LAR of the efferent vessel. No differences were found
among BTBR"”°’, untreated BTBR°”/°?, and carnosine-fed
BTBR®”°? mice (data not shown).

Because serum CN1 concentrations in the hCN1 TG
BTBR%°’ group largely varied between individual mice,
ranging from 8.6 to 111.8 pg/mL, we tested for a possible asso-
ciation between serum CN1 concentration and LAR. Serum
CN1 concentrations were strongly and positively associated
with LAR of the afferent arteriole (r =0.90, P = 0.006; Fig.
2C). As expected, CN1 was only expressed in TG mice and
was undetectable in the serum of nondiabetic or non-TG
BTBR®”°” mice (data not shown). Interestingly, among hCN1
TG BTBR°”°" mice, males appeared to have approximately
threefold higher serum CN1 concentrations compared with
hCN1 BTBR?”?" females (26.7 +15.7 vs. 80%37.5 pg/mL, P <
0.05; Table 1).

Representative images of afferent arterioles, identified by
double staining for renin and a-smooth muscle actin, from
nondiabetic BTBR"°’ mice, untreated BTBR°”°? mice, and
BTBR®”°" mice orally supplemented with carnosine or over-
expressing hCN1 are shown in Fig. 2D. Of note, we observed
that afferent arterioles in some hCN1 TG BTBR*”°" mice were
notoriously larger (Fig. 2D, bottom right), particularly in those
that displayed high serum CN1 concentrations (Fig. 2C).

As an indirect consequence of glomerular hemodynamic
dysregulation in diabetes, we examined glomerular hyper-
trophy by measuring the total glomerular area. The glomeru-
lar area was almost doubled in BTBR”° mice compared
with BTBRY7°® mice in both experiments (cohort I:
8,310 +1,331 vs. 4,496 =839 pmz, P < 0.0001, and cohort 2:
6,979 =894 vs. 4,219 + 328 um?, P < 0.0001; Fig. 3). Although
the total glomerular area tended to be lower in the carnosine
supplementation group (8,310 +1,331 vs. 7,431+1,201 ym?, P =

Table 1. Sex comparison in cohort 2

0.17; Fig. 3A), there was a tendency for further glomerular
enlargement in the hCN1 TG group (7,837+845 vs.
6,979 =894 nm?, P = 0.08; Fig. 3B). Similar as shown for LAR,
normalization of the glomerular area in both experiments
revealed a significant increase in the hCN1 TG group versus
the carnosine supplementation group (12% vs. —11%, P <
0.05; Supplemental Fig. S1B). Furthermore, the glomerular
area was positively associated with LAR of the afferent arte-
riole in the two different cohorts: carnosine supplementation
(n =30, r=0.55, P =0.001) and overexpression of hCN1 (n =
23, r=0.89, P < 0.0001; Fig. 3, C and D).

Next, we examined the expression of the slit diaphragm
marker nephrin, which is essential for the maintenance of
the glomerular filtration barrier and affected under high
intraglomerular pressure conditions (34). Nephrin expres-
sion per glomerulus was significantly reduced in diabetic
BTBR°”°? versus nondiabetic BTBR"”°” mice in both experi-
ments (cohort 1: 40 = 8% vs. 61+ 4%, P=0.0003, and cohort 2:
38+9% vs. 67+4%, P < 0.0001; Fig. 4).

Although carnosine supplementation did not significantly
restore nephrin expression (47 +8% vs. 40 +8%, P = 0.12; Fig.
4A), nephrin expression was further reduced with borderline
significance in hCN1 TG BTBR®”°” mice (27 £12% vs. 38 = 9%,
P =0.06; Fig. 4B). The percentage of nephrin expression rela-
tive to the untreated diabetic control group was significantly
increased in the carnosine supplementation group versus the
hCN1 group (16% vs. —28%, P < 0.05; Supplemental Fig. S1C).
Representative images of nephrin immunostaining are shown
in Fig. 4C.

In both cohorts, nephrin expression was inversely associ-
ated with the ACR (cohort 1: n = 30, r = —0.59, P = 0.001, and
cohort 2: n =23, r=-0.78, P < 0.0001; Fig. 5, A and D), with
glomerular size (cohort 1: r = —0.57, P = 0.001, and cohort 2:
r=-0.75, P < 0.0001; Fig. 5, B and E) and LAR (cohort 1: r =
—0.58, P =0.001, and cohort 2: r = —0.65, P = 0.0008; Fig. 5,
C and F). Interestingly, the afferent LAR was positively associ-
ated with HbA1lc in both experimental groups (cohort 1: n =
30, r = 0.66, P = 0.001, and cohort 2: n = 23, r = 0.78, P <
0.0001; Supplemental Fig. S2).

A third cohort of BTBR mice was added to our study to
assess renal functional changes associated with carnosine
supplementation, in which BTBR”?’ mice treated with a
SGLT2 inhibitor were included to compare GFR normalization
(Fig. 6). GFR of untreated BTBR°”°” mice did not differ from
SGLT2-treated mice (0.64+0.11 vs. 0.64+0.06 mL/min, P >
0.9) or from carnosine-supplemented mice (0.67+0.15 mL/

BTBR"7°? BTBR°”°? hCN1 BTBR®>°?
Parameter Female Male P Value Female Male P Value Female Male P Value
Body weight, g 29.8+5.0 352+28 0.14 70.5+1.3 70.4+54 0.95 59.0+5.9 65.3+22 014
Kidney weight, g 0.22+0.02 0.29+0.01 0.006* 0.35+0.03 0.48+0.07 0.002* 0.36+0.06 0.41£0.02 0.26
HbA1c, % 47+0.14 49+0.19 0.39 7.7+1.04 10.3£0.46 0.004* 9.9+0.46 9.4+0.06 0.10

Albumin-to-creatinine ratio, pg/mL 921+0.0 48.6+12.4 0.05
Afferent lumen area ratio, arbitrary units 0.25+0.02 0.31+0.04 0.16
Glomerular area, pm? 3,903+323 4,377+209 0.09
Nephrin expression, % 65.9+22 68.0+49 0.60
Serum CN1, pg/mL

561.5+308.0 700.0+368.1 0.55
0.39+£0.04 0.47+0.04 0.06
6,860+964 7,256+802 0.55
37.7+10.4 38.4+26 0.91

1,290+ 665.0 738.8+257.9 0.27
0.43+0.04 0.48+0.06 0.25
7,511+907 8,272+644 0.27
25.0+109 306145 0.58
26.7+15.7 80+37.5 0.04*

Data are presented as means * SD. The effects of sex on diabetes and on diabetic nephropathy-associated parameters in BTBR"/°?,
BTBR”°?, and human (h) carnosinase-1 (CN1) BTBR?*/°® mice from cohort 2 at 24 wk of age were assessed by an independent ¢ test.
*Significantly different (P < 0.05) from the opposite sex in the same group.
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Figure 3. Effect of carnosine feeding and human carnosinase-1 (hCN1) overexpression on glomerular area. Glomerular size was significantly enlarged in
two separated experimental groups of BTBR®”°? mice compared with BTBR"?°* mice. A: carnosine feeding for 18 wk in BTBR°?°” mice did not signifi-
cantly influence glomerulus size. B: in hCN1 transgenic BTBR”°® mice, glomerular area was increased compared with nontransgenic BTBR?°? mice
with borderline significance. C: the afferent lumen (x-axis) was positively associated with glomerular size (y-axis) in BTBR*?°? mice, BTBR°”"*® mice, and
BTBR®”°” mice fed with carnosine (all, n = 30). D: a similar positive correlation between afferent lumen and glomerular size was found in a separate ex-
perimental group of BTBR*Y°?, BTBR®”°?, and hCN1 transgenic BTBR®”°” mice (all, n = 23). Data are depicted as means + SD. ***P <0.0001. One-way

ANOVA followed by a Tukey’s post hoc test was used to compare groups.

min, P > 0.98). Although GFR of BTBR"”°’ mice displayed
lower values (0.49 +0.13 mL/min), no significant differences
were observed compared with BTBR°”? (P = 0.32), carnosine-
supplemented (P = 0.18), or SGLT2-treated mice (P = 0.39).

DISCUSSION

In this study, we showed that carnosine supplementation
presumably improves diabetes-induced intraglomerular
pressure as reflected by partial normalization of the afferent
arteriole lumen, whereas overexpression of CN1 had the op-
posite effect.

Glomerular hemodynamic dysregulation is associated
with elevated intraglomerular pressure and contributes to
the progression of DKD (35). In animal models, intraglomer-
ular pressure can be measured with nephron micropuncture
techniques (36), which provide a direct and true assessment
of glomerular hemodynamics, yet through an invasive pro-
cedure mainly possible in species with superficial nephrons,
e.g., rats and rabbits (37).

By making use of two different histological techniques,
our study also showed, in independent cohorts of mice, di-
lation of the afferent arteriole in diabetic BTBR?*/° mice
relative to nondiabetic controls. This has been proposed
as one of the mechanisms mediating single-nephron

AJP-Renal Physiol - doi:10.1152/ajprenal.00232.2021 - www.ajprenal.org

glomerular hyperfiltration under diabetic conditions (38).
The findings from conventional histology were supported
by 3D optical sectioning analysis using cleared perfused
kidneys preserving vascular integrity. The molecular
weight and chemical properties of the dye used herein pre-
vented leakage to the tubuli, enabling clear visualization of
branching of main vessels, afferent arterioles, and their corre-
sponding glomerulus. This highlights the potential use of this
3D technique as an imaging tool to study pathologies where
renal microvascular abnormalities are present, such as DKD.

Our study also showed that BTBR®”°” mice exhibit glomer-
ular hypertrophy, as evidenced by increased glomerular tuft
area and larger Feret’s diameter compared with lean healthy
controls. Likewise, a positive association between Feret’s di-
ameter and afferent arteriole diameter was revealed from the
3-D analysis. These structural changes suggest that diabetic
mice are hyperfiltrating and are in line with previous reports
(27, 39) that showed elevated FITC-sinistrin and creatinine
clearance, reflecting a state of hyperfiltration in the BTBR”°”
model.

In a third cohort of wild-type, untreated diabetic, and
diabetic mice treated with carnosine or an SGLT2 inhibi-
tor (a known hyperfiltration-normalizing compound), we
observed a mild tendency to hyperfiltration in the dia-
betic group compared with the wild-type group. Yet, GFR
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reduced in BTBR”°” mice compared with
BTBR"”° mice and was not significantly
affected by carnosine feeding. B: in a sepa-
rate experimental group, the percentage of
nephrin expression was further reduced in
hCN1 transgenic BTBR®”°® mice compared
with nontransgenic BTBR®”°" mice with
borderline significance. C: representative
images of glomeruli immunostained for the
podocyte marker nephrin in BTBR"/°?
mice, BTBR®”°" mice, BTBR®”°® mice
fed with carnosine, and hCN1 transgenic
BTBR®”°? mice. Scale bars = 50 pm.
Data are depicted as means * SD. **P
<0.01 and ***P < 0.0001. One-way
ANOVA followed by a Tukey’s post hoc
test was used to compare groups.
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values did not change in the group treated with the
SGLT2 inhibitor, which precludes us from drawing firm
conclusions as to whether carnosine imparts an effect on
diabetic-induced hyperfiltration.

Consistent with the fact that podocytes are highly sensitive
to mechanical and capillary stretch (7), our study also
revealed a significantly reduced expression of the podocyte
slit diaphragm protein nephrin in diabetic mice. This finding
is in line with the development of marked albuminuria in
these animals, given the role of podocytes in maintaining the
filtration barrier. Altogether, these changes are likely the
reflection of an elevated intraglomerular pressure and are in
accordance with studies that reported an association between
diabetes and increased glomerular pressure (40, 41).
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hCN1 overexpression cohort

ob/ob ob/ob hCN1

Having confirmed that in diabetic mice vasodilation of the
afferent glomerular arteriole can be assessed by classical two-
dimensional immune-histology, we further assessed the influ-
ence of carnosine and CN1 overexpression on afferent glomer-
ular vasodilation using renal tissue from our previous studies.
Accordingly, the major findings of our study are as follows: car-
nosine feeding in BTBR”°” mice reduced LAR of the afferent
arteriole. In hCN1 TG BTBR®”°” mice, the variation in LAR was
more pronounced, possibly caused by heterogeneity in serum
CN1 concentrations. This is also supported by the strong asso-
ciation between serum CN1 concentrations and LAR.

Glomerular hypertrophy and nephrin expression in dia-
betic BTBR°”°* mice were neither changed by carnosine
feeding nor by overexpression of hCN1, albeit that in the
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Figure 5. A and D: association between intraglomerular pressure-associated parameters. negative correlation between the percentage of nephrin expression
(x-axis) and albuminuria [albumin-to-creatinine ratio (ACRY); y-axis] in BTBR**° mice, BTBR®”°® mice, and BTBR®”°” mice fed with carnosine (4) and in a sepa-
rate experiment of BTBR""??, BTBR°”°?, and human carnosinase-1 (nCN1) transgenic BTBR®”°? mice (D). B and E: negative association of the percentage of
nephrin expression (x-axis) and glomerular size (y-axis) in BTBR*?°” mice, BTBR®°” mice, and BTBR®”°” mice fed with carnosine (B) and in a separate experi-
ment in BTBR*?°?, BTBR®”°?, and hCN1 transgenic BTBR°”°" mice (E). C and F: negative association between the percentage of nephrin expression (x-axis)
and afferent lumen area (y-axis) in BTBR*”°" mice, BTBR®”°® mice, and BTBR®”°® mice fed with carnosine (C) and in a separate experiment in BTBR"7°?,

BTBR®”®?, and hCN1 transgenic BTBR®?°? mice (F).

later mice borderline significance was observed (P = 0.08
and P = 0.06, respectively). Our study disclosed a positive
association between LAR and glomerular size and a negative
association between nephrin expression and albuminuria
among the experimental groups. Hence, our data support
the notion that carnosine/CN1 to some extent might affect
intraglomerular pressure in the setting of diabetes.

However, the LAR of afferent arterioles was not different
between BTBR°”’ mice and hCN1 TG BTBR®”*” mice.
Because hCN1 TG BTBR°”°’ mice developed a significantly
lower body weight compared with control diabetic mice, we
cannot exclude this as a confounding factor. Indeed, it has
been shown that obesity contributes to hyperfiltration in
humans (42, 43) and in animal models (44, 45) and that body
weight loss reverses hyperfiltration (46).

Moreover, as serum CNI1 concentrations in hCN1 TG
BTBR®”°? mice strongly varied between individual mice, this
also may explain why significance for LAR was not met in the
comparison with wild-type BTBR?”°” mice. The strong and
positive association between serum CN1 concentrations
and LAR of the afferent arteriole corroborates the role of
CN1 on glomerular hemodynamics and, in conjunction
with enhanced glomerular hypertrophy and reduced nephrin
expression in hCN1 diabetic mice, explains why CN1 might
have a detrimental effect on DKD development. In addition,
we showed in the normalized data, significant and opposite
effects on LAR of the afferent arteriole, nephrin expression,
and glomerular size induced by the two interventions. In view
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of carnosine’s beneficial properties, the marked reduction of
plasma and tissue carnosine levels in hCN1 TG BTBR°”/%"
mice might account, to some extent, for these effects.
Although the intention of our study was not to assess the
effect of sex on diabetes, our analyses are in line with previous
reports suggesting more pronounced hyperglycemia in
BTBR”°? male versus BTBR”?? female mice (24, 26). The
sex-dependent effects of carnosine were not examined herein
and deserve further investigation in future studies. In addi-
tion, our study suggests that sex might as well influence se-
rum CN1 concentrations but not the lumen area of the
afferent arteriole (Table 1).

In diabetes, mainly vascular and tubular mechanisms
have been implicated in the pathogenesis of glomerular
hyperfiltration. Yet, compelling evidence indicates that tu-
bular events are the main trigger in this context (4).
According to the tubular hypothesis, high concentrations of
glucose in the diabetic filtrate enhance Na™ reabsorption in
the proximal tubule via SGLT2, resulting in increased GFR
through a reduction in afferent arteriolar resistance via tubu-
loglomerular feedback (4).

Overexpression of CN1 did not influence the expression
of proximal Na™ transporters [SGLT1/2 or Na*/H™*
exchanger 3 (NHE3)] in RNA-sequencing or Affymetrix
analysis (data not shown). However, we cannot exclude
differences in protein expression. The effect of carnosine
supplementation on Na ' transporters remains to be eluci-
dated. Irrespective of this and given its high affinity with
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Figure 6. Effect of carnosine on glomerular filtration rate (GFR). Transcuta-
neous assessment of GFR using FITC-sinistrin clearance is shown. BTBR®?°?
mice supplemented with carnosine or treated with a hyperfiltration-normaliz-
ing compound [Na " -glucose transporter-2 inhibitor (iISGLT2)] during 16 wk
did not significantly differ from untreated diabetic mice at 24 wk of age. Age-
matched wild-type mice seemingly displayed lower values of GFR. Data are
depicted as means + SD and single values. One-way ANOVA followed by a
Tukey’s post hoc test was used to compare groups.

protons and its buffering capacity (12), it might be that car-
nosine’s interaction with protons impairs, to some extent,
Na* reabsorption by NHE3 in the apical membrane of the
proximal tubule. This would result in more Na* delivery
at the macula densa, resulting in adenosine release and
constriction of the afferent arteriole. Although this expla-
nation is speculative, the work of Swietach et al. suggests,
that, owing to its unique biological properties, i.e., small
size (~240 Da) and titratable imidazole group (pK, ~7),
carnosine binds competitively to H* and acts as a diffusi-
ble cytoplasmic buffer (47, 48). Once carnosine enters epi-
thelial cells of the proximal tubule, it is expected to
achieve high cellular accumulation in this compartment
(49). Although it is believed that in individuals with diabe-
tes that proximal Na™ reabsorption is mainly accom-
plished through SGLT2, accumulating evidence suggests a
link between NHE3 and SGLT2 (34, 50, 51).

Insulin imbalance (deficit or hyperinsulinemia) in concert
with hyperglycemia are contributing factors to the altered vas-
cular resistance in DKD (52). As such, in hyperglycemic dia-
betic rats, normalization of blood glucose levels reversed
intraglomerular pressure (53), and in patients with new-onset
of type 2 diabetes mellitus, improvement of plasma glucose
levels with initial therapy reduced GFR (54). In line with this,
our study also showed a positive association between HbAlc
levels and LAR.

The importance of blood glucose levels in diabetic contrib-
utors of hyperfiltration has been identified in studies showing
that acute infusion of glucose increases GFR in patients with
diabetes (55) and in experimental animal models (56) and
inhibits the tubuloglomerular feedback response (57-59).

Carnosine supplementation has been shown to exhibit
glucose-lowering effects likely through an insulinotropic
action in the pancreas (13, 14, 60) and to improve insulin re-
sistance (61). Conversely, overexpression of hCN1 resulted in
worsening of the glucose profile (14, 24, 25).
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Thus, if glucose concentrations are normalized early
enough, it is plausible that the tubuloglomerular feedback
response could be restored. Based on the available evidence,
we consider that glucose-lowering effects could account for
one of the primary mechanisms by which carnosine might
affect the resistance of the afferent arteriole. Thus, a reduction
of glucose in serum and therefore in the tubular filtrate will
prevent Na™ reabsorption by SGLT2, resulting in higher Na™
concentrations at the macula densa, which subsequently
restore the tubuloglomerular feedback response.

Although the foregoing notions in principle may explain
how carnosine beneficially affects the course of DKD, fur-
ther mechanistic studies are warranted to confirm or to
reject these assumptions. Our work is not exempt from its
own limitations, which should be considered in future
studies. Possible carnosine-dependent sex differences
have been disregarded, while evidence of renal transport-
ers expression at the protein level remain to be elucidated.

Conclusions

Changes in the afferent arteriole tone can be assessed indi-
rectly through the assessment of LAR of glomerular arterio-
les by conventional histopathology and optical sectioning
analyses. Both imaging techniques showed dilatation of the
afferent arteriole in independent sets of BTBR°”” mice as a
leading event mediating increased intraglomerular pressure
under diabetes conditions. Our results also provide evidence
that carnosine feeding and overexpression of hCN1 likely
affect intraglomerular pressure through a regulation of the
afferent arteriole tone in an opposite manner. Further stud-
ies are warranted to assess the precise mechanisms by which
this occurs.

SUPPLEMENTAL DATA

Supplemental Figs. S1 and S2 and Supplemental Table S1:
https://doi.org/10.6084/m9 .figshare.14779971.
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