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Abstract: Neutrophil gelatinase-associated lipocalin (NGAL) is a biomarker of several injuries and is
upregulated in inflammatory conditions. Vitamin D was shown to have anti-inflammatory effects
and to increase after physical activity. This work aimed to assess, through immunohistochemistry,
the effects of an adapted moderate training exercise (AMTE) on the expression of NGAL and vitamin
D receptor (VDR) in the kidney and heart of rats. Sixteen rats were distributed into two groups:
the sedentary control group and the experimental group, subjected to AMTE on the treadmill for
12 weeks. The results showed the basal expression of NGAL and VDR in both the heart and the
kidney in sedentary rats; no differences in the expression of both NGAL and VDR in the heart;
and a decreased NGAL and an increased VDR expression in the kidney of rats subjected to AMTE.
These results suggest a possible protective role of AMTE on NGAL-associated injuries in the kidney,
probably through the vitamin D signaling pathway. Our results represent an interesting preliminary
data that may open new horizons in the management of NGAL-associated kidney injuries. However,
further studies are needed to confirm these results and to comprehend the specific interaction between
NGAL and VDR pathways in the kidney.
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1. Introduction

The adapted moderate training exercise (AMTE), corresponding to the adapted nonexhaustive
aerobic physical activity is an exciting approach, is increasingly considered by the scientific community
to prevent metabolic disabling diseases and increase physical well-being. Data from the literature
show that moderate physical activity can reduce inflammation and improve general physical function
in humans [1–9] and animals [10,11]. In a rat model, aerobic interval exercise protocol was shown to
prevent the development of diabetic nephropathy and to affect the metabolism of certain minerals [12].
Moreover, aerobic training in association with L-arginine supplementation also demonstrated to
ameliorate kidney and liver damage in myocardial infarction rats, via antioxidant mechanisms [13].
The expression of many cytokines and adipokines associated with metabolic syndrome has also been
investigated in obese women, after aerobic training protocol, with positive results [14]. In recent
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literature, authors described that AMTE has beneficial effects on the preservation of articular cartilage
and muscle tissues, confirming its protective role on the musculoskeletal system as well [15–18].

Neutrophil gelatinase-associated lipocalin (NGAL) is a small protein of the lipocalin superfamily,
also known as lipocalin-2 [19]. It is physiologically and basally present at low levels in many tissues
including heart, kidney, liver, uterus, bone marrow, lung, adipose tissue, and macrophages [20–22]. Its
upregulation follows the activation of the NF-kB pathway [23]. NGAL was shown to play a pivotal
role as a modulator of the innate immune system in inflammation [24–26]. Of note, the complex
NGAL-MMP-9 extends the proteolytic activity of the latter by inhibiting its degradation [27], which
leads to several pathophysiological conditions [28]. In human diseases, several studies have shown
that NGAL increases significantly and rapidly in case of renal cell damage, suggesting that NGAL is a
biomarker of various forms of kidney injuries [29,30]. NGAL upregulation could also be a biomarker
in patients who suffer from heart failure [31] or in those who undergo cardiac surgery [32]. NGAL is
upregulated in several other inflammatory states, like chronic obstructive pulmonary disorder and
bowel inflammatory condition [33]. Strenuous exercise, causing oxidative stress and reactive oxygen
species (ROSs) production, can induce changes in NGAL concentration as well [34–36]. Bongers
et al. reported that prolonged endurance exercise in healthy adults could induce an increase in
NGAL urinary concentration [34]. Increased NGAL urinary levels have also been found in endurance
cycling athletes [35]. These findings were validated by Lippi et al., who demonstrated increased acute
expression of serum NGAL in long distance running athletes (strenuous exercise) [36]. The expression
of NGAL has also been investigated in physically active individuals, after short-term maximal exercise,
but no differences in its expression have been reported [37,38]. However, the expression of NGAL in
association with an AMTE protocol has never been investigated.

Another, recently emerging important compound positively associated with physical activity is
represented by vitamin D. It is a fat-soluble molecule able to exert antioxidant functions, responsible
for the body’s mineral homeostasis. This vitamin can be taken exogenously with food or endogenously
produced by the skin during the exposure to sunlight. After synthesis, vitamin D is inactive. The liver
operates the conversion from the inactive form to 25-hydroxyvitamin D or calcidiol by hydroxylation
at carbon 25. The latter is then collected in the adipose tissue as a reserve. To become active,
25-hydroxyvitamin D needs the participation of kidneys and 1-hydroxylase enzyme to be converted
into 1,25-dihydroxyvitamin D, known as calcitriol [39]. The body cells respond to vitamin D in its active
form through its receptor called vitamin D receptor (VDR) [40]. Vitamin D can regulate important
mechanisms of immunity and inflammation and to modulate cardiovascular and musculoskeletal
systems [41]. Indeed, it was shown that calcitriol suppresses NF-κB activity in a VDR-dependent
manner. VDR binds IKKβ, and this interaction is enhanced by calcitriol. Thus, VDR overexpression
downregulates IKKβ-induced NF-κB activity [42]. Its deficiency represents a risk factor for the onset of
metabolic syndrome, but it also determines an increase in oxidative stress. Several studies indicate that
physical activity promotes an increase in vitamin D level, despite sun exposure [43–46]. Indeed, it has
been evidenced that the vitamin D receptor (VDR) increases during exercise [47,48]. These findings
would suggest that physical activity exerts its positive effects also through the vitamin D pathway.
Summing up, (i) physical activity is shown to increase the circulating levels of vitamin D [43–46];
(ii) vitamin D is also shown to exert its anti-inflammatory effects through the NKκB inhibition [49];
and (iii) NGAL is shown to be upregulated by induction of the NF-kB pathway [50,51]. The question
remains: Does AMTE have any effect on NGAL expression? If so, does the VDR expression change as
well? The goal of the present research was to answer these questions and to evaluate the expression of
NGAL and VDR in kidneys and hearts of rats subjected to AMTE for 12 weeks.
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2. Materials and Methods

2.1. Breeding and Housing of Animals

Sixteen 3-month-old healthy male Wistar Outbred Rats (Charles River Laboratories, Milan, Italy)
with an average body weight of 300 ± 20 g were housed in polycarbonate cages (cage dimensions:
10.25” W × 18.75” D × 8” H) at controlled temperature (20–23 ◦C) and humidity during the entire
experimentation at the “Center for Advanced Preclinical In Vivo Research (CAPIR)”. The animals had
free access to food and water and lived a photoperiod of 12 h light/dark. The day after the last training
(the experiment lasted 12 weeks), the rats were sacrificed by an intravenous lethal injection of anesthetic
overdose using a mixture of Zoletil 100 (Virbac, Milan, Italy) at a dose of 80 mg/kg and DEXDOMITOR
(Virbac, Milan, Italy) at a dose of 50 mg/kg. After the sacrifice, kidney and heart were explanted
and histological and immunohistochemical analyses were performed. All procedures conformed to
the guidelines of the Institutional Animal Care and Use Committee (I.A.C.U.C.) of the University of
Catania (Protocol n. 2112015-PR of the 14.01.2015, Italian Ministry of Health). The experiments were
performed accordingly with the European Community Council Directive (86/609/EEC) and the Italian
Animal Protection Law (116/1992).

2.2. Experimental Design

Sixteen 3-month-old healthy male Wistar Rats were randomly divided into two groups, with 8
rats per group:

• Group 1: sedentary rats.
• Group 2: rats undergoing AMTE on treadmill.

Group 2 rats performed moderate exercise on the treadmill (2Biological instrument, Varese,
Italy), for 12 weeks, five days a week, for 20/30 min daily. The treadmill was set with an inclination
of 2◦ (between 2 and 6 degrees) and speed of 10/30 m/minute (type of exercise: interval training,
between mild and moderate intensity). Physical activity was executed by the method previously
described [52,53]. Briefly, a minimal electric shock (0.2 mA) forced the rat to walk on the treadmill. The
shock serves to stimulate the rat to walk and to instruct it. Usually, the rat learns this activity in the
first 2 min of the exercise. This type of exercise is used to stimulate the muscles, joints, and bones in the
work of flexion–extension of the limbs. During the exercise, the possible suffering of the animals was
evaluated. The rats that exceeded five electric shocks (0.2 mA) without learning the work to be done on
the treadmill, have been discarded from the experiment. On the day following the last training (after
12 weeks of the experiment) the animals were humanely sacrificed by a lethal intravenous injection
of anesthetic overdose, and kidney/heart samples were explanted and fixed for the histological and
immunohistochemical analysis.

2.3. Histology

Kidney and heart samples were fixed in 10% neutral buffered formalin (Bio-Optica, Milan, Italy).
Embedding in paraffin followed overnight washing, as previously described [54]. The samples were
placed in the cassettes after wax infiltration. A rotary manual microtome (Leica RM2235, Milan,
Italy) was used to cut the paraffin blocks into tissue samples (4–5 µm) which were then mounted
on silane-coated slides (Menzel-Gläser, Braunschweig, Germany) and stored at room temperature.
Histological analysis and examination of structural alterations were possible by dewaxing the sections
in xylene, hydrating them by graded ethanol, and then staining with hematoxylin and eosin.

A Zeiss Axioplan light microscope (Carl Zeiss, Oberkochen, Germany) and a digital camera
(AxioCam MRc5, Carl Zeiss, Oberkochen, Germany) were used to examine slides.
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2.4. Immunohistochemistry

Kidney and heart samples were processed for immunohistochemical evaluation as formerly
discussed [55]. Thoroughly, the slides were dewaxed in xylene, hydrated by graded ethanol, incubated
for 30 min in 0.3% hydroperoxyl (H2O2)/methanol to block endogenous peroxidase activity, and then
rinsed in phosphate-buffered saline (PBS; Bio-Optica, Milan, Italy) for 20 min. The antigenic sites were
unmasked by storing the slides in capped polypropylene slide holders with citrate buffer (10 mM
citric acid, 0.05% Tween 20, pH 6.0; Bio-Optica, Milan, Italy) and heated for 5 min for three times
inside a microwave oven (750 W, LG Electronics Italia S.p.A., Milan, Italy). Nonspecific binding of
the antibodies was prevented by the applying of a blocking buffer with 5% bovine serum albumin
(BSA, Sigma, Milan, Italy) in PBS for one h in a moist chamber, and then the primary antibodies were
applied. The sections of tissue were then incubated overnight at 4 ◦C with the following antibodies;
rat monoclonal anti-vitamin D receptor (ab115495; Abcam, Cambridge, UK) diluted 1/100 in PBS
(Bio-Optica, Milan, Italy) and rabbit monoclonal anti-NGAL [EPR5084] (ab125075; Abcam, Cambridge,
UK), diluted 1/100 in PBS (Bio-Optica, Milan, Italy). The slides were then covered with a biotinylated
antibody (horseradish peroxidase (HRP)-conjugated anti-rat and anti-rabbit were used as secondary
antibodies), and the peroxidase-labeled streptavidin allowed the detection of the immune complexes
(labeled streptavidin-biotin (LSAB) + System-HRP, K0690, Dako, Glostrup, Denmark), after incubation
for 10 min at room temperature. The immunoreaction was perceived by incubating the sections for
2 min in a 0.1% 3,3′-diaminobenzidine, 0.02% hydrogen peroxide solution (DAB substrate Chromogen
System; Dako, Denmark). The slides were mildly counterstained with Mayer’s Hematoxylin (Histolab
Products AB, Goteborg, Sweden) and mounted in GVA mount (Zymed, Laboratories Inc., San Francisco,
CA, USA).

2.5. Computerised Densitometric Measurements and Image Analysis

Image analysis software (AxioVision Release 4.8.2-SP2 Software, Carl Zeiss Microscopy GmbH,
Jena, Germany) was used to quantify the grade of staining of positive anti-vitamin D receptor and
anti-NGAL antibodies immunolabeling. It also calculated the densitometric count (Log2 densitometric
count-pixel2) of the immunostained area in seven fields, the area of which was about 150,000 µm2,
randomly selected from slides. Digital micrographs were taken using the Zeiss Axioplan light
microscope (Carl Zeiss, Oberkochen, Germany), using a lens with a magnification of ×20, i.e., total
magnification 200) fitted with a digital camera (AxioCam MRc5, Carl Zeiss, Oberkochen, Germany).
Evaluations were performed by three blinded investigators (two anatomical morphologists and
one histologist). The values were accepted as correct if they did not show statistically significant
difference [56]. Every single interpretation of the results was discussed in favor of a standard agreement,
in case of disputes [53].

2.6. Statistical Analysis

GraphPad Instat® Biostatistics version 3.0 software (GraphPad Software, Inc., La Jolla, CA, USA)
and IBM SPSS Statistics (version 20, IBM Corporation, Somers, Armonk, NY, USA) were used as
instruments of statistical evaluations. An unpaired t-test was used to compare two groups. p-values of
less than 0.05 were considered statistically significant (* p < 0.05; ** p < 0.01; *** p < 0.001; **** p < 0.0001
and ns not significant) as previously described [57]. The data were presented as the mean ± SD.

3. Results

3.1. Histology

Hematoxylin & eosin staining made possible to inspect morphological alterations in the kidney
and heart tissue of the experimental groups. No damages in the histological structure of kidney and
heart tissue were appreciated (data not shown).
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3.2. Immunohistochemistry (IHC) Observations and Statistical Analysis

3.2.1. NGAL-Kidney

NGAL immunostaining was mainly detected in the cytoplasm of cells in the medulla of kidney
samples of both Groups, 1 and 2, involving collecting ducts and loops of Henle (Figure 1A,C). In the
cortex, the NGAL immunostaining was found at the different degree in groups, involving both distal
and proximal convoluted tubules; glomeruli were rarely and slightly immunostained (Figure 1B,D).
The intensity of NGAL immunostaining (Log2 densitometric count-pixel2) was lower in Group 2
(16.60 ± 1.71) when compared to sedentary control group (Group 1) (17.87 ± 0.59) (p = 0.0028), as
reported in graph (Figure 1E).
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when compared to Group 1 (15.11 ± 2.09) (p < 0.0001), as reported in the graph (Figure 2E). 

Figure 1. Kidney neutrophil gelatinase-associated lipocalin (NGAL) immunohistochemistry in Group
1 (A,B) and in Group 2 (C,D). NGAL immunostaining in kidney tissue and image analysis by software
in which the red color indicates the immunolabeling (inserts). NGAL immunostaining was mainly
detected in the medulla of kidney samples (A,C) and in the cortex where it was at a different degree in
groups (B,D); glomeruli were rarely and slightly immunostained. (E) Graph showing the intensity of
NGAL immunostaining (Log2 Densitometric count pixel2) with statistical analysis. For details, see the
text. (A–D): scale bars: 50 µm. The data are presented as mean ± SD.

3.2.2. VDR-Kidney

VDR immunostaining was highlighted both in cytoplasm and nucleus of cells in kidney samples of
both Groups, 1 and 2. It had different expression levels in the collecting ducts and loops of Henle of the
medulla (Figure 2A,C) and the distal and proximal convoluted tubules of the cortex (Figure 2B,D) about
different groups. Glomeruli were rarely VDR immunostained. The intensity of VDR immunostaining
(Log2 densitometric count-pixel2) was much higher in Group 2 (18.15 ± 0.71) when compared to
Group 1 (15.11 ± 2.09) (p < 0.0001), as reported in the graph (Figure 2E).
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3.2.3. NGAL-Heart 

NGAL immunostaining was mainly detected in the cardiomyocytes cytoplasm of both Groups, 
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was almost equal in Group 2 (19.56 ± 0.79) if compared to Group 1 (sedentary) (19.48 ± 0.89), and the 
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Figure 2. Kidney vitamin D receptor (VDR) immunohistochemistry in Group 1 (A,B) and in Group
2 (C,D). VDR immunostaining in kidney tissue and image analysis by software in which the red
color indicates the immunolabeling (inserts). VDR immunostaining had different expression levels
in the medulla (A,C) and in the cortex (B,D) in groups; glomeruli were rarely VDR immunostained.
(E) Graph showing the intensity of VDR immunostaining (Log2 Densitometric count pixel2) with
statistical analysis. For details, see the text. (A–D): scale bars: 50 µm. The data are presented as
mean ± SD.

3.2.3. NGAL-Heart

NGAL immunostaining was mainly detected in the cardiomyocytes cytoplasm of both Groups,
1 and 2 (Figure 3A,B). The intensity of NGAL immunostaining (Log2 densitometric count-pixel2) was
almost equal in Group 2 (19.56 ± 0.79) if compared to Group 1 (sedentary) (19.48 ± 0.89), and the
difference between means was not significant (p = 0.7655, ns), as reported in the graph (Figure 3C).
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Figure 3. Heart NGAL immunohistochemistry in Group 1 (A) and Group 2 (B). NGAL immunostaining
in heart tissue and image analysis by software in which the red color indicates the immunolabeling
(inserts). NGAL immunostaining detected in the cytoplasm of cardiomyocytes, at similar levels
of expression in the groups. (C) Graph showing the intensity of NGAL immunostaining (Log2

Densitometric count pixel2) with statistical analysis. For details, see the text. (A,B): scale bars: 50 µm.
The data are presented as mean ± SD.

3.2.4. VDR-Heart

In heart samples, VDR immunostaining was detected mainly in the cytoplasm of cardiomyocytes
of both Groups 1 and 2 (Figure 4A,B), and rarely in nuclei. The intensity of VDR immunostaining
(Log2 densitometric count-pixel2) was similar both in Group 2 (19.11 ± 0.79) and Group 1 (sedentary)
(18.81 ± 0.67) and the difference between means was not significant (p = 0.1847, ns), as reported in the
graph (Figure 4C).
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Figure 4. Heart VDR immunohistochemistry in Group 1 (A) and in Group 2 (B). VDR immunostaining
in heart tissue and image analysis by software in which the red color indicates the immunolabeling
(inserts). VDR immunostaining was found to have similar degrees of expression in the groups, mainly
in the cardiomyocytes cytoplasm and rarely in nuclei. (C) Graph showing the intensity of VDR
immunostaining (Log2 Densitometric count pixel2) with statistical analysis. For details, see the text.
(A,B): scale bars: 50 µm. The data are presented as mean ± SD.
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4. Discussion

The presented research aimed to assess if AMTE may exert a protective role on body homeostasis,
through vitamin D and NGAL pathways. Our results, as expected, showed the augmented expression
of VDR in kidneys of rats subjected to AMTE, in comparison to the sedentary controls. These results
may hint an increased release of vitamin D in the circulation after physical activity, confirming findings
from literature [43–46]. Makanae et al. demonstrated that indeed intramuscular VDR expression
could be effectively promoted by physical activity [47]. Another work suggests that rats performing
swimming activity experienced increases in vitamin D level in the serum and, consequently, a greater
expression of its receptors in the pancreas, adipose tissue, and muscle [48]. In the present study, the
authors did not evaluate the circulating levels of vitamin D in the serum of rats undergoing AMTE
protocol; this represents a limitation of the study. Nevertheless, curiously, in our results, the expression
of VDR in the heart of active rats did not change significantly when compared to the sedentary controls.
A reason for that could be hypothesized by the fact that the circulating vitamin D is converted in its
active form in the kidney and, then, determines the increased local expression of its receptor at this
level, but does not determine its increase in other organs. Nevertheless, further long-term studies
should be done to clarify this aspect. Vitamin D was shown to inhibit the NF-kB pathway [24,25]. Thus,
since the promoter region of NGAL contains a consensus-binding site for NF-κB [58,59] and VDR was
shown to inhibit the activation of NF-κB, it is conceivable that increased levels of circulating vitamin D
indirectly inhibit the NGAL expression (Figure 5). In our work, we observed the basal expression of
NGAL both in hearts and kidneys of sedentary rats, suggesting that sedentary lifestyle may represent
a condition in which it is easier to develop NGAL-involved pathophysiological states. We also assisted
to a significant reduction in the detection of NGAL in kidneys inactive rats, as expected, but curiously,
not in their hearts. These data suggest that, regarding the crosslink between VDR and NGAL pathways,
AMTE did not have any effects on heart tissue, but only on the kidney one. Moreover, a significant
and inversely proportional expression of both proteins in kidneys, but not in hearts, of active rats,
when compared to the sedentary controls, further confirms the involvement of VDR in the NGAL
downregulation. This reasonably happened through the NF-κB inhibition. However, these preliminary
findings certainly need further studies to confirm the crosslink between these two pathways. Albeit
above reported scientific data highlight that physical activity may increase NGAL levels, they refer to
strenuous anaerobic exercise. In our experimental design, we preferred to use AMTE, since this type
of exercise is more inclined to induce an adaptive response by the body and our results were different
from those reported concerning the strenuous anaerobic exercise. These findings have intriguing
clinical implications related to physical activity in humans, emphasizing the beneficial effects of
AMTE, but not strenuous exercise, particularly in obese people, given that obesity is associated with
inflammation [60]. The limitations of our study refer to the nondosing of NGAL in organic liquids
such as urine and blood, which could strengthen immunohistochemical data on tissue; this will lead
us to further future studies to deepen the topic of our research.
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Figure 5. The possible VDR action on kidney cells. The hypothetical mechanism involved during the
stress condition in kidney cells. The deprivation of vitamin D3 and stress condition determines the
NKkB activation, which results in NGAL upregulation and inflammation. On the contrary, the increased
levels of vitamin D3 may determine the inhibition of NFkB pathway, which indirectly may block NGAL
synthesis, exerting its anti-inflammatory effect. This figure was drawn using the software CorelDraw
(Version, Company, City, US State Abbr., Country and Year) and the vector image bank of Servier
Medical Art (http://smart.servier.com/). Servier Medical Art by Servier is licensed under a Creative
Commons Attribution 3.0 Unported License (https://creativecommons.org/licenses/by/3.0/).

5. Conclusions

In the present study, once again in agreement with the current literature, we provide experimental
evidence supporting the concept that physical activity improves metabolic homeostasis, leading to
physical wellness. We can also confirm the positive effects of physical activity-dependent vitamin D
mobilization/synthesis, counteracted by NGAL behavior in the kidney. We believe that the present
morphological study, although it has some limitations, can give an interesting contribution in basic
research to better understand the role of molecule biomarkers for kidney injuries, such as NGAL, and,
consequently, adopt strategies that can improve and maintain the state of health of the individual.
However, additional investigations should be realized to confirm our preliminary morphological data.
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