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Abstract: Previous studies implicated the histamine H4 receptor in renal pathophysiology. The
aim here is to elucidate the role of this receptor on renal function using H4 receptor knockout mice
(H4R−/−). Healthy and diabetic H4R−/− mice compared to their C57BL/6J wild-type counterpart for
renal function and the expression of crucial tubular proteins. H4R−/− and wild-type mice, matched
for ages, showed comparable weight gain curves reaching similar median weight at the end of the
study. However, H4R−/− mice displayed a higher basal glycemia. H4R−/− mice showed a lower
urine 24 h outflow, and albumin-to-creatinine ratio (ACR) compared to wild-type mice. Consistently,
H4R−/− mice presented a higher expression of megalin and a lower basal expression of the sodium-
hydrogen exchanger (NHE)3 and aquaporin (AQP)2. According to these basal differences, diabetic
H4R−/− mice developed more severe hyperglycemia and a higher 24 h urine volume, but a lower
increase in ACR and decrease in urine pH were observed. These events were paralleled by a reduced
NHE3 over-expression and megalin loss in diabetic H4R−/− mice. The AQP1 and AQP7 patterns
were also different between H4R−/− and wild-type diabetic mice. The collected results highlight
the role of the histamine H4 receptor in the control of renal reabsorption processes, particularly
albumin uptake.

Keywords: histamine H4 receptors; renal function; diabetic nephropathy

1. Introduction

Histamine H4 receptor is the most recently discovered histamine receptor. Since its
discovery in 2000 [1–3], histamine H4 receptor’s primary function as immunomodulatory
was recognized [4,5] consistently with its expression in mast cells, eosinophils, neutrophils,
and basophils [6]. However, additional evidence of a wider distribution of these receptors
has been reported. In particular, since 2013, it has been demonstrated that the H4 receptor
is expressed in the kidney [7]. The previous in vitro and ex vivo studies demonstrated that
the H4 receptor is localized on the proximal tubules, thus suggesting it could participate
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in renal patho-physiology. Consistently, our group demonstrated that the H4 receptor
antagonist JNJ-39758979 prevents renal damage in a mouse model of diabetes-induced
nephropathy [8]. In particular, the data obtained suggested that histamine through the
H4 receptor could exert both an indirect effect on renal tissue architecture by recruiting
pro-inflammatory cells and, more importantly, direct modulation of tubular reabsorption.
However, the histamine receptor subtype ligands’ specificity, efficacy and potency are a
source of concerns [5]. Therefore, genetic knockout models are fundamental to understand
the role of this specific histamine receptor subtype in kidney function and differentiate
between off-target and on-target histamine H4 receptor effects.

Histamine H4 receptor knockout (H4R−/−) mice were generated soon after the his-
tamine H4 receptor discovery [9] and initially used to demonstrate the role of the histamine
H4 receptor in mediating mast cells’ chemotaxis. Since then, H4R−/− mice have been widely
used to highlight the complexity of histamine H4 receptor function in allergy [10–14], in-
flammation [5], pain [15], or cancer [16]. However, to the best of our knowledge, none
of these studies investigated the renal function in H4R−/− mice. Nevertheless, although
histamine was suggested to be involved in the etiopathology of diabetes complications [17],
nephropathy in particular [18], no study to date involved diabetic H4R−/− mice and evalu-
ated their susceptibility to developing diabetic nephropathy. Therefore, the present study
aims to clarify the functional role of renal histamine H4 receptor and its involvement
in renal pathophysiology through the phenotypic characterization of healthy or diabetic
H4R−/− mice.

2. Materials and Methods
2.1. Materials

All chemicals, not otherwise indicated and rabbit polyclonal anti-β-actin antibody
(A2066), were from Sigma Aldrich (St. Louis, MO, USA). The Glucocard MX Blood Glu-
cose Meter was from A. Menarini Diagnostic (Florence, Italy). The Albumin enzymatic
immunoassay kits ELISA Quantification Set (E90-134) was from Bethyl Laboratories Inc.
(Montgomery, TX, USA). The Urine Strips were from GIMA S.p.a. (Gessate, MI, Italy). The
Mouse interleukin (IL)-6 Quantikine ELISA Kit (M6000B) was from R&D Systems (Min-
neapolis, MN, USA). The goat polyclonal anti-megalin (P-20; sc-515750), anti-histamine H2
receptor (A20, sc-19773) and anti-Na-K-Cl cotransporter (NKCC)1 (N16, sc-21545); the rab-
bit polyclonal anti-histamine H1 receptor (H300, sc-20633), anti-aquaporin (AQP)1 (H-56;
sc-20810), anti-AQP2 (H-40; sc-28629), anti-AQP3 (H-80; sc-20811); mouse monoclonal anti-
AQP7 (D-12; sc-376407) and histamine H3 receptor (D5, sc-390140) antibodies, as well as
UltraCruz Autoradiography Film were from Santa Cruz Biotechnology (Dallas, TX, USA);
the rabbit polyclonal anti-NHE3 (GTX41967; lot number 821700650) was from Gentex (San
Antonio, TX, USA). The Alexa Fluor 594 AffiniPure bovine anti-goat and donkey anti-rabbit
antibodies were from Jackson ImmunoResearch Laboratories, Inc. (West Grove, PA, USA).
The mouse peroxidase-labeled and rabbit peroxidase-labeled secondary antibodies were
from Cell Signaling Technology Inc. (Danvers, MA, USA). The BCA™ Protein Assay Kit
was from Thermo Fisher Scientific (Waltham, MA, USA). The Opti-Protein XL Marker was
from Applied Biological Materials Inc. (Richmond, BC, Canada) The Immobilon® PVDF
transfer membrane was from Merck Millipore (Milan, Italy). The Acrylamide/Bis solution
29:1 and the Albumin bovine modified Cohn Fraction V (BSA), pH 7.0, were from SERVA
(Heidelberg, Germany). The WesternBright™ Quantum detection kit for the chemilumi-
nescent detection and the Western Blot Strip-it Buffer were from Advansta (Menlo Park,
CA, USA). Secondary mouse and rabbit biotinylated antibodies, Vectastain ABC Elite kit,
and 3′,3-diaminobenzidine tetrahydrochloride were from DAB, Vector Laboratories, Inc.
(Burlingame, CA, USA).

2.2. Animal Care and Ethics Statement

Twenty-six 5–13-week-old male C57BL6J (Charles River Laboratories, Calco, Italy)
and 26 H4R−/− mice backcrossed to CB57 background (generated by Lexicon Genetics,
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Woodlands Park, TX, USA, [9] and provided by Janssen Research & Development, LLC
La Jolla, CA, USA) were maintained in compliance with the Italian regulations on the
protection of animals used for experimental and other scientific purposes (D.M. 116/92)
and the European Council directives (No. 2010/63/EU) and with the Principles of Lab-
oratory Animal Care (NIH No. 85-23, revised 2011). The animals were kept at constant
environmental and nutritional conditions at 25 ± 2 ◦C with alternating 12 h light and dark
cycles and fed with a standard diet during a 1-week adaptation period. They were fed with
a standard pellet diet (Piccioni, Settimo Milanese, Milan, Italy) and watered ad libitum.
The scientific project was approved by the Ethical Committee of Turin University and the
Italian Ministry of Health. The sample size was determined by applying the Fleiss test for
an unmatched case-control study as power analysis. The confidence interval was 90%, the
power was at 85%, and the alpha level was set at 0.05. This design provides the power to
investigate the differences in renal function between the different groups.

2.3. Experiment Protocol

Diabetes was induced by a multiple low-dose streptozotocin (STZ)-intraperitoneal
injection (50 mg/kg per day; STZ freshly made in 0.1 mol/L citrate buffer, pH 4.5) for
5 consecutive days, repeated after 8 weeks [19]. Control animals were treated with vehicles
alone (n = 9 for each genotype). Animals matched for age between control and STZ were
used. All the animals’ ages were represented in both groups. Diabetes was defined as
fasting blood glucose level ≥200 mg/dL [20], and the onset of diabetes was evaluated by
measuring 6 h fasting blood glucose using a Glucocard MX Blood Glucose Meter. Weight,
food, and water intake were recorded weekly. At the end of the experimental period, mice
were anaesthetized with isoflurane and sacrificed by cardiac exsanguination. Blood and
kidneys were collected for biochemical and morphological analyses on renal function.

2.4. Renal Function Evaluations

Twenty-four-hour urine collection was performed using the metabolic cage, and
urine volume and pH were determined. Urinary protein excretion (UPE) was measured
by Bradford method using Bovine Serum Albumin as the standard. Albuminuria was
determined by ELISA. Creatinine was measured on both plasma and urine samples by a
High-Performance Liquid Chromatography (HPLC) reverse-phase method as previously
described [21,22].

2.5. Morphological Analysis

Kidney specimens were fixed by immersion in 4% paraformaldehyde, 0.1 M phosphate
buffered saline (PBS) pH 7.4 overnight, embedded in paraffin. Therefore, the specimens
were cut into 5 µm thick sections. Hematoxylin and eosin staining were carried out in
order to analyze the gross tissue organization. Twenty microscopical fields/specimen
were randomly selected and were digitalized at 200× and 400× using a digital camera
connected to a light microscope (Olympus AX70). The glomerular injury was determined
by measuring the glomerular area using ImageJ software (version 1.48v; National Institutes
of Health, Bethesda, MD, USA) on 15 glomeruli from each mouse with hematoxylin and
eosin staining (magnification: 400×) [23]. The number of injured tubules in 10 random
images per cortical section was counted using 200×magnification with hematoxylin and
eosin staining.

2.6. IL-6 Renal Content Assessment

IL-6 tissue content was determined on kidney lysate by the Mouse IL-6 Quantikine
ELISA Kit, according to the manufacturer’s instructions. Total protein content spectropho-
tometrically measured by a micro-BCA™ Protein Assay Kit was used for normalization.
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2.7. Immunohistochemistry

Conventional immunohistochemical procedures were employed as described previ-
ously [7]. Briefly, immunoperoxidase staining for histamine H1, H2, and H3 receptors,
NKCC1, AQP1, AQP2, AQP3, and AQP7 was performed on 5 µm sections for formalin-
fixed tissue using sodium citrate 10 mM pH 6.9 as antigen retrieval. Sections were incubated
overnight with anti-histamine H1, H2, and H3 receptors, -NKCC1, AQP-1, -AQP2, -AQP3,
and -AQP7 (4 µg/mL) at 4 ◦C, followed by a three-layer streptavidin–biotin–peroxidase
complex staining method. Tissue was also screened in the absence of the primary antibod-
ies. In all cases, a significant part of the staining elicited by the untreated antibody was
abolished. All sections were stained or immunostained in a single session to minimize
artifactual differences in the staining. Photomicrographs of the histological slides were
randomly taken with a digital camera connected to a light microscope equipped with a
×40 objective (Leica DM750 or Olympus AX70 for AQP7).

2.8. Immunofluorescence Analysis

Megalin and NHE3 immunoreactivity was determined on 5 µm thick tissue sections.
The sections were deparaffinized and re-hydrated, followed by microwave antigen retrieval
in 10 mM sodium citrate, pH 6.0. In order to quench the autofluorescence and minimize
the non-specific binding, sections were incubated in 2 mg/mL glycine for 10 min and
then for 20 min at room temperature with 1.5% bovine serum albumin in PBS pH 7.4.
Sections were subsequently incubated overnight with goat polyclonal anti-megalin or
rabbit polyclonal anti-NHE3. The immunoreactions were revealed by incubation with
bovine anti-goat or donkey anti-rabbit Fluor 594-coniugated IgG antibody for 2 h at room
temperature. Negative controls were carried out by omitting the primary antiserum. The
immunoreaction products were observed, and pictures were acquired with Apotome
systems (Zeiss). Data analysis and measurements were performed with ImageJ software.

2.9. Immunoblotting

Kidneys randomly selected from 5 animals/group were lysed in cold buffer (10 mM
Tris/HCl pH 7.4, 10 mM NaCl, 1.5 mM MgCl2, 2 mM Na2 EDTA, 1% Triton X-100), sup-
plemented with 10× Sigmafast Protease Inhibitor cocktail tablets. Total protein content
was measured spectrophotometrically using a micro-BCA™ Protein Assay Kit. Forty
micrograms of total proteins were randomly electrophoresed by SDS-PAGE and blotted
onto PVDF membranes. The membranes were incubated overnight at 4 ◦C with rabbit
polyclonal anti-NHE3, AQP1, AQP2, or mouse monoclonal anti-AQP7. The rabbit poly-
clonal anti-β-actin antibodies were used as a control. The immunoreactive bands were
detected using rabbit or goat peroxidase-labeled secondary antibody and enhanced by
WesternBright™ Quantum detection kit. Chemioluminescence signal was captured by
X-ray film exposure. The densitometric analysis was performed by ImageJ software.

2.10. Statistical Analysis

Data were reported as mean values (± standard error of the means, S.E.M.). Statis-
tical analysis was performed using a one-way analysis of variance (ANOVA). Post hoc
calculations applying Tukey’s multiple comparisons test were made with Prism 9 statis-
tical software (GraphPad Software, Inc., San Diego, CA, USA). Significance was set at a
probability value (p) of <0.05.

3. Results

3.1. Comparison between Wild-Type and H4R−/− Mice on Histamine Receptor Expression

The expression of the histamine receptors in both wild-type and H4R−/− mice was
evaluated. As shown in Figure 1, only histamine H1 and H2 receptors were different
between the two genotypes. Histamine H1 receptor was over-expressed in H4R−/− mice.
On the contrary, wild-type mice showed a higher level of the histamine H2 receptor.
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Figure 1. Comparison of histamine H1 and H2 receptor expression between wild-type and H4R−/− mice. Micro-
graphs represent the immunolabeling of transverse kidney sections with specific anti-histamine H1 and H2 antibodies
(20×magnification). Positive staining area/total area was determined by color deconvolution, and the estimation plot of
Welch’s t-test has been reported.

3.2. Comparison between Wild-Type and H4R−/− Mice on Functional Parameters

During the observation period of 116 days, wild-type and H4R−/− animals showed
similar body growth reaching, at the end of the experimental period, an average weight
of 28.37 ± 1.68 and 29.57 ± 2.71 g, respectively, although the mean baseline weights were
different at 21.52 ± 1.73 and 23.54 ± 2.33 g (p < 0.05).

The data reported in Table 1 on the renal functional parameters referred to the end of
the experimental period (116 days).

Table 1. Renal function parameters at day 116.

Wild-Type H4R−/− STZ Wild-Type STZ H4R−/−

Urine volume (mL) 1.33 ± 0.01 0.44 ± 0.10 * 11.57 ± 0.91 * 21.86 ± 1.84 ◦§

pH # 6.35 ± 0.16 6.5 ± 0.00 5.24 ± 0.03 * 5.37 ± 0.09 ◦

UPE (mg/24 h) 3.85 ± 0.11 1.1 ± 0.22 * 21.95 ± 1.63 * 31.62 ± 2.94 ◦§

Albumin excretion (µg/24 h) 0.26 ± 0.04 0.09 ± 0.03 * 0.91 ± 0.04 * 0.31 ± 0.06 ◦§

ACR (µg/mg) 17.74 ± 1.63 8.67 ± 2.89 * 267.38 ± 22.78 * 56.92 ± 6.89 ◦§

CrCl (mL/min) 0.49 ± 0.12 0.28 ± 0.11 1.66 ± 0.19 * 1.17 ± 0.75

# semi-quantitative analysis by dip-stick; UPE = urinary protein excretion; ACR = albumin-to-creatinine ratio; CrCl = creatinine clearance
data are the mean ± S.E.M.; * p < 0.05 vs. wild-type; § p < 0.05 vs. STZ wild-type; ◦ p < 0.05 STZ H4R−/− vs. H4R−/−.

The comparison between the urine volumes collected after 24 h showed a significant
difference between wild-type and H4R−/− animals (1.33± 0.01 and 0.44± 0.10, respectively;
p < 0.05). Similarly, UPE, albumin excretion, as well as the creatinine-to-albumin ratio
(ACR) in the wild-type group were significantly higher than that of H4R−/− (0.26 ± 0.04 vs.
0.09 ± 0.03 for albuminuria and 17.74 ± 1.63 vs. 8.67 ± 2.89 for ACR; p < 0.05). However,
the urinary pH and creatinine clearance (CrCl) did not show any significant differences
between the two groups (Table 1). Mice age did not affect the renal function changes
observed. Despite the described differences in some urine parameters, the morphological
analysis by hematoxylin and eosin staining revealed comparable renal architecture between
wild-type and H4R−/− mice (Figure 2a) without signs of inflammatory infiltration as well
as tubular or glomerular damage (Figure 2a,b).
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Figure 2. Comparison of gross tissue architecture between wild-type and H4R−/− mice: (a) Representative
micrographs showing hematoxylin and eosin staining at day 116 highlighting tubular and glomerular
diabetic-associated alterations magnification: 200× in upper panels and 400× in lower panels; (b) Quantifi-
cation of tubular damage and glomerular area. Data are expressed as the number of damaged tubules and
glomerular area (Arbitrary Unit, AU), respectively. Data are expressed as the mean± S.E.M.; * p < 0.05 vs.
wild-type; § p < 0.05 vs. STZ wild-type; ◦ p < 0,05 STZ H4R−/− vs. H4R−/−.

However, the analysis of the intrarenal inflammation marker IL-6 shown in Figure 3
demonstrates a higher level of renal IL-6 in H4R−/− mice than the wild-type.

3.3. Diabetic Nephropathy Development in H4R−/− Mice

The basal glycemic level at day 116 was significantly higher in H4R−/− animals com-
pared to wild-type counterpart (184.77± 21, 67 mg/dL vs. 102.11± 20.03 mg/dL; p < 0.05),
although lower than the cut-off of 200 mg/dL, defining diabetes [20] for both the geno-
types. One week after the induction of diabetes, more than a half of the animals showed
a glycemia ≥200 mg/dL; the glycemic level raised over 200 mg/dL within 14 days and
remained severe [20] (300–600 mg/dL; p < 0.05 vs. control) through the observation period,
irrespectively of the animal age in both wild-type and H4R−/− mice (Figure 4a and Sup-
plementary Materials Tables S3 and S4). The rise in glucose glycemic was paralleled by a
reduction in body growth consistent with the type 1 diabetes model adopted: on day 116,
the STZ wild-type group reached an average weight of 26.06 ± 2.44 g, and the STZ H4R−/−

24.97 ± 1.95 g (Figure 4b and Supplementary Materials Tables S1 and S2).
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of IL-6, reported as pg/mg of tissue homogenate protein (i.e., pg/mg protein), was determined by the
enzyme-linked immunosorbent assay (ELISA). Data are expressed as the mean (pg/mg protein)± S.E.M.;
* p < 0.05 vs. wild-type; § p < 0.05 vs. STZ wild-type; ◦ p < 0,05 STZ H4R−/− vs. H4R−/−.

In hyperglycemic conditions, histopathological changes, the hallmark of diabetic
nephropathy were present. In particular, glomeruli were hypertrophic and displayed an
increase in the glomerular area irrespectively to the genotype, and tubular atrophy was
evident, although H4R−/− diabetic mice showed a lower number of damaged tubules com-
pared to the wild-type counterpart (Figure 2b). Again, no evident signs of inflammatory
infiltration were detectable in the different groups (Figure 2a). However, IL-6 was signifi-
cantly increased in STZ wild-type animals compared to their control. On the contrary, the
STZ H4R−/− group showed downregulation of IL-6 with respect to H4R−/− mice, reaching
levels comparable to that of STZ wild-type animals (Figure 3). Looking at the renal function
parameters in Table 1, diabetic animals showed values consistent with the renal damage
characteristic of hyperglycemia: urine volume, urine acidity, UPE, albuminuria, ACR, and
CrCl were significantly higher (p < 0.05) compared to the respective controls. However, the
two genotypes present exciting differences. STZ wild-type animals showed lower polyuria
(+8.70-fold) than the STZ H4R−/− group, in which the fold increase in urinary volume
compared to their healthy controls was +49.68. Similarly, proteinuria was increased by
5.70-fold in STZ wild-type animals and 28.74-fold in the STZ H4R−/− group (p < 0.05).
However, the increase in ACR was more significant in wild-type diabetics than in those of
H4R−/− (15.07 vs. 6.56; p < 0.05). Interestingly, the progression of albuminuria was different
between the two genotypes. Indeed, the rise in albuminuria over time is slower in the
STZ H4R−/− group, reaching the fold increase registered in STZ wild-type animals only at
day 105 (Figure 4c). Again, no significant difference was found for both urinary pH and
CrCl (Table 1). The data reported and the differences found suggest that the H4 receptor is
involved in tubular reabsorption phenomena.

3.4. Megalin Expression in Wild-Type and H4R−/− Mice

The data reported in Table 1 underline significant differences in albumin reabsorption
between wild-type and H4R−/− mice. Therefore, the expression of megalin, an essential endo-
cytic receptor of the proximal tubular apparatus involved in the uptake of glomerular-filtered
albumin [24], was evaluated. Consistent with the functional data, the immunofluorescence
analysis of megalin revealed a significant increase in protein expression in the H4R−/− group
compared to the wild-type group (Figure 5). These differences in megalin basal expression
were also found when diabetic mice were compared. Indeed, both wild-type and H4R−/− mice
showed a significant reduction of megalin, consistent with diabetic renal damage. However,
the megalin loss was significantly reduced in H4R−/− mice (Figure 5). These differences could
explain, at least in part, the functional differences observed on the ACR.
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Figure 4. Comparison of diabetic wild-type and H4R−/− mice: (a) Six-hour fasting blood glu-
cose was recorded fortnightly using a Glucocard MX Blood Glucose Meter. Data are expressed as
mean ± S.E.M. The red line identifies the 200 mg/dL fasting blood glucose level cut used to assess the
diabetes onset; (b) Body weight was monitored and recorded constantly throughout the experimental
period. Data are expressed as mean ± S.E.M.; (c) Albuminuria progression was monitored over time
on urine samples collected over 24 h. The data are expressed as fold increases compared to the
relatively healthy controls. UAE = albuminuria.

3.5. NHE3 Expression in Wild-Type and H4R−/− Mice

As megalin expression is inversely correlated with that of NHE3 [25], we also evalu-
ated the expression of this tubular exchanger. As reported in Figure 6a, control animals,
both wild-type and H4R−/− showed a weak fluorescence intensity, more localized in the api-
cal area. The Western blot analysis revealed a single 95 kDa (molecular weight predicted for
NHE3) species, demonstrating a significantly reduced expression of NHE3 in H4R−/− mice.
The exchanger was over-expressed in the diabetic groups but the basal differences between
the two genotypes were retrieved in diabetic animals (Figure 6b,c). These data, therefore,
further confirm the potential role of the H4 receptor in regulating tubular reabsorption.
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Figure 6. Comparison of NHE3 expression between wild-type and H4R−/− mice. Micrographs at 40×
magnification showing the immunofluorescence analysis of NHE3 (red). Nuclei were stained with DAPI
(blue) (a); Representative radiograph of NHE3 in kidney tissue determined by immunoblotting (b); The
densitometric analysis (c) was performed, and expression levels normalized to β-actin are expressed as
the mean± S.E.M. of 3 animals/group; * p < 0.05 vs. wild-type; § p < 0.05 vs. STZ wild-type.
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3.6. AQPs Expression in Wild-Type and H4R−/− Mice

The urine volume differences observed between wild-type and H4R−/− mice point
out possible differences in the expression pattern of AQPs, a family of channel-forming
transmembrane proteins differentially involved in water balance, included body water
homeostasis [26]. Among them, AQP1, 3, and 7 are mainly expressed on the proximal tubu-
lar segment of the nephron. As shown in Figure 7, no significant differences were found.
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Figure 7. Comparison of AQPs expression between wild-type and H4R−/− mice. Micrographs at
20× and 40× (insert) magnification of transverse kidney sections, immunolabeled with specific
anti-AQP1, -AQP2, AQP3, and AQP7 antibodies. Positive staining area/total area was determined
by color deconvolution. Results are the mean ± S.E.M. of the IntDen; * p < 0.05 vs. wild-type.

However, the Western blot analysis revealed exciting differences in the balance be-
tween the glycosylated and non-glycosylated forms of AQP1 and AQP7 (Figures 8 and 9).

As reported in Figure 8a, the Western blot analysis revealed for AQP1 two bands
corresponding to the glycosylated (35 kDa) or the non-glycosylated (28 kDa) form [27]. The
glycosylation ratio in H4R−/− healthy or diabetic mice was lower than wild-type animals
(Figure 8c). The overall content of AQP1 showed a significant reduction in diabetic animals
compared to the respective controls. However, STZ wild-type animals showed significantly
lower expression of AQP1 (Figure 8b) but a higher glycosylation ratio (Figure 8c) than
STZ H4R−/−.

A similar glycosylation ratio analysis was also performed for AQP7. Two bands for
AQP7 were revealed (Figure 9a): one with a higher molecular weight (43 kDa) and one
with a lower molecular weight (34 kDa), which correspond respectively to the glycosylated
and non-glycosylated form [28]. The glycosylation ratio in H4R−/− mice was lower than
wild-type animals (Figure 9c). Diabetic wild-type mice but not H4R−/− showed an increase
in AQP7 (Figure 9b) without significant differences in the glycosylation ratio compared to
the relative controls (Figure 9c).
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Figure 8. Comparison of AQP1 expression between wild-type and H4R−/− mice. Representative radiograph of AQP1 in
kidney tissue determined by immunoblotting (a); The densitometric analysis of the AQP1 overall content was performed,
and expression levels, normalized to β-actin, are expressed as the mean ± S.E.M. of 3 animals/group (b); The glycosylation
ratio was evaluated and was expressed as the mean ± S.E.M. of 3 animals/group (c); * p < 0.05 vs. wild-type; § p < 0,05 vs.
STZ wild-type; ◦ p < 0,05 STZ H4R−/− vs. H4R−/−.
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Figure 9. Comparison of AQP7 expression between wild-type and H4R−/− mice. Representative radiograph of AQP7 in
kidney tissue determined by immunoblotting (a); The densitometric analysis of the AQP7 overall content was performed,
and expression levels, normalized to β-actin, are expressed as the mean ± S.E.M. of 3 animals/group (b); The glycosylation
ratio was evaluated and was expressed as the mean ± S.E.M. of 3 animals/group (c); * p < 0.05 vs. wild-type; § p < 0,05 vs.
STZ wild-type.
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Finally, AQP2 expression was evaluated. This AQP, located on the apical cell mem-
branes of the kidney’s collecting duct principal cells, is vasopressin-sensitive, and is the
most well-studied AQP in the kidney [29]. Notably, the expression of AQP2 was lower in
the H4R−/− (Figures 7 and 10).
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Figure 10. Comparison of AQP2 expression between wild-type and H4R−/− mice. Representative radiograph of AQP2 in
kidney tissue determined by immunoblotting (a); The densitometric analysis of the AQP2 overall content was performed,
and expression levels normalized to β-actin are expressed as the mean ± S.E.M. of 3 animals/group (b); The glycosylation
ratio was evaluated and was expressed as the mean ± S.E.M. of 3 animals/group (c); * p < 0.05 vs. wild-type.

The Western blot analysis of AQP2 again detected a multi-band profile with one
band at about 45 kDa, two at about 35 kDa, and the last at 29 kDa (Figure 10a). This
spectrum is again compatible with AQP2 glycosylation, which determines its localization
at the level of the apical membrane of the main cells of the collecting duct [30]. As
shown in Figure 10b, a significant reduction in the expression of AQP2 was observed not
only in H4R−/− mice but also in both diabetic wild-type and H4R−/− animals. However,
no differences in the glycosylation ratio were registered (Figure 10c). The AQP pattern
evaluation data collectively suggest that histamine could regulate the renal water balance
through the H4 receptor.

3.7. NKCC1 Expression in Wild-Type and H4R−/− Mice

With NKCC1, being a key cotransporter in the kidney, we also evaluated its expression.
More precisely, we investigated the expression of the NKCC1 cotransporter, the form that is
widely distributed throughout the body but especially abundant in the kidney. Like AQP-2,
NKCC1 is expressed on the outer medullary collecting duct but on the α-intercalated
cells [31]. As shown in Figure 11, the immunohistochemistry analysis revealed a reduced
basal expression of NKCC1 in H4R−/− animals compared to their wild-type counterpart.
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Figure 11. Comparison of NKCC1 expression between wild-type and H4R−/− mice. Micrographs at
20× magnification of transverse kidney sections, immunolabeled with specific anti-NKCC1 antibody.
Densitometric analysis of NKCC1 expression was determined by color deconvolution analysis.
Expression levels over control are expressed as the mean (IntDen) ± S.E.M. (n = 10); * p < 0.05 vs.
wild-type; § p < 0.05 vs. STZ wild-type.

4. Discussion

In conclusion, the results obtained support the hypothesis that the H4 receptor is in-
volved in tubular reabsorption processes. Indeed, compared to their wild-type counterpart,
at basal, H4R−/− mice showed significant alterations in renal function with a reduction
of both urinary volume and excretion of proteins, albumin in particular. The urine of the
H4R−/− mice were also less concentrated than wild-type. These events find a possible
explanation in the constitutive over-expression of megalin and parallel down-regulation
of NHE3 and NKCC1 proteins in the H4R−/− mice. The presence of megalin at the level
of the apical membrane of the proximal tubule is positively correlated with its ability to
reabsorb albumin and the proteins present in the glomerular filtrate [32]. The mechanism
by which histamine could modulate megalin expression is still unknown. However, it
is possible to speculate that similarities exist between the histamine H4 receptor and the
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angiotensin II receptor AT1. The activation of the AT1 receptor, a Gi-coupled receptor like
the histamine H4 receptor, suppresses the megalin expression [33]. Therefore, suppress-
ing the histamine H4 receptor could be responsible for an imbalance of cAMP signaling,
accounting for increased megalin basal levels. However, a possible contribution of other
histamine receptors, particularly histamine H1 receptor over-expression, could not be ruled
out. Indeed, in our study, a compensation for histamine receptor subtypes occurs in the
kidney of H4R−/− mice: the histamine H1 receptor was over-expressed, and the histamine
H2 receptor was down-regulated. On the contrary, the basal expression of histamine H3
receptor remains scantly limited to some restricted areas of the collecting ducts [34].

Conversely, NHE3 is less expressed in H4R−/− mice. NHE3 is considered the central
mediator of sodium uptake in the proximal tubule and is reported to regulate urinary pH.
However, parallel to the reduction in NHE3, only a trend of increase in pH was observed
in H4R−/− mice. However, the difference in pH was not statistically significant, but this
may be due to the system used for the assessment. The test strips are a semi-quantitative
method and are therefore not very sensitive to the slight variation observed (+0.15-fold).

It should be noted that the NHE3 exchanger shares the anatomical location and signal
pathways with the histamine H4 receptor. Both histamine H4 receptor and NHE3 are present at
the level of the proximal tubule and of the ascending tract, often of the loop of Henlé [7,35,36].
Moreover, a cross-talk between the H4 receptor and NHE3 could occur through cAMP. The H4
receptor is coupled to the Gi protein, and its activation in proximal tubular cells involves an
intracellular reduction of cAMP [37] that could reduce NHE3 expression. Indeed, cAMP inhibits
the expression of NHE3 [38,39]. However, the cross-talk could occur at NHE3 regulation by
vasopressin, which causes its inhibition in the ascending tract of the loop of Henlé [40]. Starting
from the consideration that the knockout mice used are total body knockout, the deletion of the
H4 receptor may have an effect on the production and release of vasopressin by the posterior
pituitary and hypothalamic neurons, where all four receptors for histamine are present [6].
Therefore, the deletion of the H4 receptor may affect the production and release of vasopressin
by the posterior pituitary and hypothalamic neurons. Consistently, systemic histamine infusion
causes oliguria following an increase in vasopressin release [41] and reducing urinary volume
in diabetic mice treated with the H4 antagonist JNJ39758979 [8]. The H4 receptor could therefore
participate in the regulation of vasopressin release, and its deletion/inhibition could enhance
the release of vasopressin by histamine with a consequent antidiuretic effect. However, other
receptors, such as the H3 receptor present both centrally [6] and on the apical membrane of the
main cells of the collecting duct [34] could be involved. Finally, the role of histamine H1 and H2
receptors in regulating renal hemodynamics cannot be ruled out [18].

More complex is the interpretation of the effect of AQPs. AQP1, AQP3, and AQP7
showed no difference between wild-type and H4R−/− mice. On the contrary, AQP2 was
down-regulated in H4R−/− mice. Compared to other AQPs, limited information is available
on the role of AQP7 in renal pathophysiology. However, the deletion of AQP7 alone has
been associated with glyceroluria and only mild polyuria [42]. The reduction of AQP2
expression in H4R−/− mice is consistent with the observed lower urine output. However,
this appears to be an indirect effect of histamine H4 receptor deletion. Indeed, AQP2 is
located on the collecting duct, where the histamine H3 receptor is expressed. Moreover,
AQP2 is vasopressin sensitive. In particular, vasopressin has been reported to regulate
AQP2 expression [43]. Therefore, central regulation of vasopressin release and/or histamine
H3 receptor could account for that effect. The central regulation of vasopressin could
account also for the effect observed on NKCC1 expression. Indeed, this cotransporter is
directly and indirectly regulated by vasopressin [44]. Nevertheless, NKCC1 is critical to
the release and/or action of vasopressin, renin and aldosterone, and the regulation of renal
Na+, K+, Cl−, and water excretion [45].

The study’s second aim was to evaluate the propensity of H4R−/− mice to develop
diabetic nephropathy in an STZ-induced diabetes model. This model of renal damage was
selected on the basis of the increase in renal levels of histamine already reported [18,46].
Interestingly, H4R−/− mice displayed a higher basal glycemic state. After diabetes induc-
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tion, H4R−/− animals tended to develop severe progressive hyperglycemia with double
blood glucose values at the end of the treatment period compared to the wild-type coun-
terpart. This phenomenon could be explained by the role of histamine H4 in the immune
response [47,48]. However, further studies are needed to clarify the mechanisms under-
lying the development of hyperglycemia. The use of an H4 antagonist, JNJ39758979, had
not shown any effect on blood sugar [8]. In contrast, it was reported that the activation
of histamine H4 receptors located at the spinal cord exerts a modulatory effect on blood
glucose regulation [49,50]. However, the increased sensitivity to hyperglycemia may be
due to the use of total body knockout mice instead of the conditional knockout with a
selective tubular deletion, according to the renal histamine H4 receptor tubular localiza-
tion [18]. Therefore, other histaminergic receptors may play a dominant role in this effect
in H4R−/− mice, possibly as a compensatory response. In addition, the absence of the
H4R−/− gene could alter the immuno-mediated response of pancreatic ß-cells elicited by
the multiple low doses of STZ protocol [19]. Moreover, the proximal tubule is also deputed
to glucose reabsorption through specific transporters such as SGLT2 [51], the target of
anti-diabetic drugs known as glifozins [52]. As our data indicate Histamine H4 receptor as
a modulator of tubular reabsorptive processes mediated by megalin, NHE3, and AQPs,
it is possible to speculate that all the reabsorptive machinery of the tubules is involved,
SGLT2 pathway included.

The results obtained on renal functional parameters confirm, at least in part, the role of
histamine H4 receptors in tubular reabsorption. Indeed, diabetic H4R−/− animals showed
lower albuminuria and lower ACR, although to a lower extent than what was observed
previously with the histamine H4 receptor antagonist JNJ39758979 [8]. In parallel, the
H4R−/− mice showed higher megalin expression and a smaller increase in NHE3 than
their counterpart. However, the overall assessment of renal function does not show a
clear improvement in the knockout diabetic animal compared to the wild-type animal.
Both urinary pH and CrCl do not show significant differences, and CrCl, in particular,
suggests a significant increase in glomerular filtration. However, differences in glycemic
levels between wild-type and knockout animals make the resulting kidney damage chal-
lenging to compare. Indeed, it is known that hyperglycemia is correlated in a dose- and
time-dependent manner with the progression of diabetes-induced kidney damage [53].
Consistently, the albuminuria progression analysis showed that its onset was slower in
diabetic H4R−/− animals. Therefore, on this basis, it is possible to speculate that although
the diabetic H4R−/− animals did not show an improved renal function, the progression
of damage may be delayed in terms of onset. The delayed progression of renal damage,
confirmed by the number of damaged tubules, could contribute to the renal production
of IL-6. This well-known marker of renal damage is increased at the basal level in H4R−/−

mice. This data is in keeping with the observed over-expression of the histamine H1 re-
ceptor. Indeed, it has been clearly reported that IL-6 secretion is fundamentally based on
the histamine H1 receptor [54–58], more than the histamine H4 receptor [59]. However, the
increased basal level in IL-6 does not correlate with any sign of inflammation. Actually, IL-6
elicits pro-inflammatory properties via the trans-signaling pathway and anti-inflammatory
properties through the classic signaling pathway [60]. Unexpectedly, not only the basal
level of IL-6 was higher in H4R−/− mice, but also diabetic H4R−/− mice showed lower IL-6
levels compared to their healthy control. However, this down-regulation of IL-6 in diabetic
knockout animals could correlate with the slower progression of renal damage.

The lack of effect on CrCl could also be explained by the purely tubular localization
of the H4 receptor being absent at the glomerular level [18]. Consistently, in vitro [36] and
in vivo [61,62] data suggested that among the histamine receptors, the H1 receptor is the
one directly involved in hyperfiltration.

Furthermore, the urinary volume was unexpectedly higher in diabetic H4R−/− animals,
which showed a +49% increase in water excretion than the 8% increase measured for wild-
type diabetics.
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This effect and the lack of effects on CrCl and extent of ACR seem to be not consistent
with our previous findings on the renal protective effect of the Histamine H4 receptor
antagonist JNJ39758979. Moreover, there were clear signs of hypocellularity and pro-
inflammatory cell infiltration [8]. However, it has to be noticed that the studies used
different animal strains: DBA2/J [8,62] in the previous, and C57BL6J in this new study.
The two strains have different susceptibility to diabetic nephropathy and to STZ, and differ
in some renal pathological changes [63,64]. Consistently, the severity of diabetes differed
in the two studies, with animals in this last one displaying more severe hyperglycemia
for a prolonged time, especially in the H4R−/− diabetic group. Therefore, it is challenging
to compare the entity of the effect evoked by JNJ39758979 in DBA2/J mice [8] or by the
histamine H4 receptor deletion.

The effect on the urinary volume could be due to an imbalance in histamine receptors
due to the histamine H4 receptor deletion. We previously demonstrated that the histamine
H3 receptor is expressed on the apical membrane of collecting ducts [34]. The anatomical
distribution of this latter receptor is suggestive of its possible involvement in regulating
water excretion. Consistently, our data demonstrated that in diabetic rats displaying a
polyuric phenotype, the histamine H3 receptor is upregulated [34].

Moreover, data presented by our group at the 45th EHRS Meeting in Florence
(11–14 May 2016) showed a positive correlation between histamine H3 receptor and urinary
volume [9]. So far, it is possible that the histamine H3 receptor, no more balanced by the
histamine H4 receptor, could account for the difference in the urine volume. However, the
polyuric effect could be attributed to the expression of AQP1 and AQP7, whose full expres-
sion and membrane localization are significantly reduced in diabetic knockout animals.
Indeed, double KO mice for AQP1/AQP7 exhibit reduced concentration, urine osmolarity,
and increased urinary volume [65].

5. Conclusions

In conclusion, the use of H4R−/− mice further support the hypothesis that the H4 recep-
tor is involved in tubular reabsorption processes with particular regards to albumin uptake.
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