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Histamine H4 receptor is the most recently discovered histamine receptor. It is a pertussis-toxin-sensitive GPCR mostly
expressed on cells of the immune system, such as mast cells, eosinophils, neutrophils, and basophils, but also found in
resident renal cells.
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| 1. Introduction

The previous in vitro and ex vivo studies demonstrated that the H, receptor is localized on the proximal tubules, thus
suggesting it could participate in renal patho-physiology. Consistently, our group demonstrated that the H, receptor
antagonist JNJ-39758979 prevents renal damage in a mouse model of diabetes-induced nephropathy &, 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 &, 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 H, receptor knockout (H4R™") mice were generated soon after the histamine H, receptor discovery B! and

initially used to demonstrate the role of the histamine H, receptor in mediating mast cells’ chemotaxis. Since then, H4R™~

mice have been widely used to highlight the complexity of histamine H, receptor function in allergy MISI6I7IE]

inflammation &, pain &, or cancer 9. However, to the best of our knowledge, none of these studies investigated the

renal function in HsR™~ mice. Nevertheless, although histamine was suggested to be involved in the etiopathology of
-

diabetes complications 12, nephropathy in particular 12, no study to date involved diabetic H4R™~ mice and evaluated

their susceptibility to developing diabetic nephropathy.

1.1. Comparison between Wild-Type and H4R™'~ Mice on Histamine Receptor Expression

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



1.2. Comparison between Wild-Type and H;R™'~ Mice on Functional Parameters

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 H,R™" mice: (a) Representative micrographs
showing hematoxylin and eosin staining at day 116 highlighting tubular and glomerular diabetic-associated alterations
magnification: 200x in upper panels and 400x in lower panels; (b) Quantification 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; 8 p < 0.05 vs. STZ wild-type; ° p < 0,05 STZ HsR™~ vs. H,R™".

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.
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Figure 3. Comparison of IL-6 expression in kidney tissue between wild-type and HsR™"~ mice. Expression 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<0,05STZ HsR" vs. HR".

1.3. Diabetic Nephropathy Development in H,R™'~ Mice

The basal glycemic level at day 116 was significantly higher in H,R™~ animals compared 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 L3 for
both the genotypes. 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 13 (300-600 mg/dL; p < 0.05 vs.
control) through the observation period, irrespectively of the animal age in both wild-type and HsR™'~ mice (Figure 4a and
Supplementary 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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Figure 4. Comparison of diabetic wild-type and HsR™~ mice: (a) Six-hour fasting blood glucose 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.; (¢) 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.

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 H,R™~ diabetic mice showed a lower number of damaged tubules compared 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 significantly 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 H,R™~ 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 H,R™~ (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 Hy receptor is involved in tubular reabsorption phenomena.

| 2. Megalin Expression in Wild-Type and H;R™~ Mice

The data reported in Table 1 underline significant differences in albumin reabsorption between wild-type and H,R™~ mice.
Therefore, the expression of megalin, an essential endocytic receptor of the proximal tubular apparatus involved in the
uptake of glomerular-filtered albumin 141 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 H,R™~ mice (Figure 5). These differences could explain, at least in
part, the functional differences observed on the ACR.
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Figure 5. Comparison of megalin expression between wild-type and H,R™~ mice. Micrographs at 40x magnification
showing the immunofluorescence analysis of megalin (red). Nuclei were stained with DAPI (blue). Densitometric analysis
of megalin expression was determined by immunofluorescence 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; ° p < 0.05 STZ H,R™" vs.
HsR™.

| 3. NHE3 Expression in Wild-Type and H4R™~ Mice
Y yp 4

As megalin expression is inversely correlated with that of NHE3 2], we also evaluated 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 apical area. The Western blot analysis revealed a single 95 kDa (molecular weight predicted for
NHE3) species, demonstrating a significantly reduced expression of NHE3 in HsR™~ 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 H, receptor in regulating tubular reabsorption.
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Figure 6. Comparison of NHE3 expression between wild-type and HsR™ mice. Micrographs at 40x 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 B-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.

| 4. AQPs Expression in Wild-Type and H4R™~ Mice

The urine volume differences observed between wild-type and H4,R™~ 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 28, Among them, AQP1, 3, and 7 are mainly expressed on the proximal tubular
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 20x and 40x (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 between the glycosylated and non-
glycosylated forms of AQP1 and AQP7 (Figure 8 and Figure 9).
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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 [-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. H,R™".
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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 B-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.

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 2. 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 H,R™".

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 & The glycosylation ratio in H4R™~ mice was lower than wild-type animals
(Figure 9c). Diabetic wild-type mice but not H4sR” showed an increase in AQP7 (Figure 9b) without significant
differences in the glycosylation ratio compared to the relative controls (Figure 9c).



Finally, AQP2 expression was evaluated. This AQP, located on the apical cell membranes of the kidney’s collecting duct
principal cells, is vasopressin-sensitive, and is the most well-studied AQP in the kidney 19, Notably, the expression of
AQP2 was lower in the H,R™~ (Figure 7 and Figure 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 B-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 24, As shown in Figure 10b, a
significant reduction in the expression of AQP2 was observed not only in H,R™~ mice but also in both diabetic wild-type
and H,R™~ 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.

| 5. NKCC1 Expression in Wild-Type and H4,R™~ 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 a-intercalated
cells 211, 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 20x 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; 8 p < 0.05 vs. STZ wild-type.
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