
 

 

Freely Available  Online 

www.openaccesspub.org    JSLR       CC-license    DOI :  10.14302/issn.2578-2371.jslr-19-2819             Vol-1 Issue 3 Pg. no.–  1  

  JOURNAL OF SPLEEN AND LIVER RESEARCH                                                                              

ISSN NO: 2578-2371  

Research Article 

Exercise and Vitamin D Supplementation Modify Spleen Morphology in Lean, but not, in          

Monosodium-Glutamate-Obese Rats 

Zoé Maria Guareschi1,*, Vanessa Marieli Ceglarek1, Patrick Fontes Rodrigues1, Luiz Pierre Huning1, Cintia Festinalli1, 

João Paulo de Arruda Amorim2, Sabrina Grassiolli1 

 

1Laboratory of Endocrine and Metabolic Physiology, University of West Parana (Unioeste), Cascavel, PR, Brazil.                

+55 4532203257. 

2Laboratory of Tissue Biology and Reproduction, University of West Parana (Unioeste), Cascavel, PR, Brazil. 

Abstract 

 We evaluated the effect of exercise and vitamin D supplementation on histological aspects of the 

spleens of lean and obese rats. Male Wistar rats received neonatal administration of monosodium glutamate 

(MSG; 4g/Kg), while Control (CON) rats received an equimolar solution. At 30 days of age, CON and MSG rats 

were subdivided into Exercised (E) or Sedentary (S) groups and Vitamin D (VD; 12µg/Kg) supplemented or                  

non-supplemented (NS) groups. At the 86th day of life, rats were euthanized, and their body weights and 

adiposity were evaluated. Spleens were submitted to histomorphometric analysis of the white pulp (WP), 

germinal center (GC) and lymphatic nodule (LN). Data are presented as mean ± SEM (p<0.05). MSG treatment 

promoted a reduction in spleen weight, increased LN thickness and WP area, but reduced GC occupation, 

compared to spleens of CON-lean rats (p<0.05). Exercise and VD did not provoke changes in the spleens of      

MSG-obese rats. In CON-lean rats, E and VD induced augmentation of LN thickness. VD supplementation 

increased the WP area, while E reduced GC area occupation in spleens of CON-lean rats (p<0.05). In conclusion, 

exercise and VD supplementation increased LN thickness and WP area, but had the opposite effect on the GC in 

spleens of CON-lean rats. However, neither exercise nor VD supplementation prevented the development of 

morphological abnormalities in the spleens of MSG-obese rats. 
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Introduction 

 Increased spleen volume may occur in obesity, 

and can be considered a stable marker of inflammation, 

as well as of changes in the activation of splenic immune 

activity. In this regard, the expressions of pro 

inflammatory cytokines, such as, tumor necrosis factor 

alpha (TNF-α) and interleukin-6 (IL-6) appear to be 

augmented in obesity [1], while interleukin-10 (IL-10), 

an anti-inflammatory cytokine synthesized in the 

marginal zone of the spleen (B cells), appears to be 

reduced [2]. Thus, the bidirectional interaction between 

obesity and immune response disorders indicates 

association with splenic activity, a relationship that has 

only recently been recognized [3]. 

 Obesity is also associated with vitamin 

deficiency, in particular, reduced vitamin D (VD)                   

plasma status has been observed in obese                          

subjects [4]. Insufficient plasma levels of VD are 

responsible for disturbances in immune responses, with 

consequent effects on splenic immune activity [5]. 

However, the exact mechanisms involved in the 

relationship between obesity and VD deficiency are 

unknown, as both conditions have direct effects on 

immune responses [6]. Athletes who are VD deficient 

and aim to improve their physical performance, as well 

as, invigorate their immune responses, can be benefited 

with VD supplementation [7] associated with exercises. 

As previously shown, VD-deficient-rats that received 

intraperitoneally VD supplementation, presented muscle 

protein metabolism and muscle mass improving [8], 

what could be positive to the exercise practice and 

recovery. Furthermore, VD was effective on modulating 

the exercise-induced muscle damage and inflammation 

in rats [9]. Exercise decreases the adipose tissue content 

and metabolic abnormalities present in obesity [6, 10] 

these effects may be due to sympathetic activation and 

the action of catecholamines (adrenaline and 

noradrenaline) [1]. Interestingly, the catecholamines 

have significant effects on immune activity, including on 

splenic immune response modulation [11]. 

 In a hypothalamic model of obesity, induced by 

neonatal treatment with monosodium L-glutamate 

(MSG), neuroendocrine abnormalities such as, excessive 

adiposity, hyperinsulinemia, insulin resistance (IR), 

imbalance of autonomic activity, dyslipidemia,                     

glucose intolerance, cardiovascular complications                   

and hyperleptinemia [12, 13] are associated with 

changes in immune function [14], including splenic 

dysfunction [15,16]. Interestingly, recent studies have 

demonstrated that VD, when administered 

intraperitoneally in MSG obese rats, improved immune 

responses and metabolic abnormalities [17,18]. 

Moreover, splenectomy in MSG-obese rats improves IR 

and reduces adiposity [16].  Thus, in the present study, 

we evaluated the effects of chronic VD supplementation 

associated with swimming training on morphological 

aspects of the spleen in lean and MSG obese rodents. 

Material and Methods 

 All experimental procedures were conducted 

with male newborn Wistar rats; animal protocols were 

approved by the Committee on Ethics in Animal 

Experimentation (CEUA/November,15/2015) of the State 

University of West of Parana. During lactation and 

growth, rats were maintained in adequate conditions, 

under controlled lighting (8:00 - 20:00h) and 

temperature (22 ± 2°C), with free access to standard 

chow and water, according to the guidelines of the 

National Council for Control of Animal Experiments 

(CONCEA). 

Hypothalamic Obesity Induction 

 During their first five days of life, male Wistar 

rats received daily subcutaneous injections of 

monosodium glutamate (MSG) in a dose of 4 g/Kg body 

weight (BW), according to Olney’s protocol (1969) and 

adapted by Grassiolli et al. (2007) [19]. During the same 

period, the Control (CON) rats received subcutaneous 

injections of equimolar sodium chlorite (NaCl) solution 

(1.25 g/Kg BW). 

Weaning and Experimental Design 

 Animals were weaned on the 21st day of life. 

The rats from the CON (n=24) and MSG (n=24) groups 

were randomly assigned to exercised (E) or sedentary 

(S); vitamin D supplemented (VD) or non-supplemented 

(NS) groups. As such, eight experimental groups were 

formed (n = 6 rats/group): CON-SNS: Control sedentary 

non-supplemented; CON-SVD: Control sedentary                      

VD supplemented; CON-ENS: Control exercised                   

non-supplemented; CON-EVD: Control exercised                         

VD supplemented; MSG-SNS: MSG sedentary                         

non-supplemented; MSG-SVD: MSG sedentary VD 

supplemented; MSG-ENS: MSG exercised                               
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non-supplemented; MSG-EVD: MSG exercised VD 

supplemented. 

Vitamin D Supplementation 

 From 30 to 85 days of life, VD-supplemented 

animals received, by gavage, the dose of 12µg of VD/Kg 

of BW dissolved in corn oil (vehicle) [20]. The VD was 

administered three times per week, between                      

9:00-11:00h AM. To simulate the same stress of oral 

supplementation, the NS groups received the same 

volume of vehicle but without VD, for the same period 

and at the same frequency as for the VD-supplemented 

groups. 

Swimming Protocol 

 Starting on the 30th day of life until de 85th day 

of life, animals in the exercised groups were subjected 

to swimming training, according to a protocol 

established by Leite et al. (2013) [21]. Briefly, the 

exercised rats swam during 30 minutes in a                     

stainless-steel tank (57 cm length X 105 cm width X 60 

cm depth) with the water temperature maintained at 

32±2ºC. To avoid accommodation, the animals were 

loaded with 5% of their body weight tied to their tails. 

Swimming was conducted in the afternoon period, after 

which the rats were dried and returned to their cages. 

Sedentary (S) animals did not swim at any time during 

the experiment. 

Biometric Parameters 

 The animals were euthanized at 88 days old and 

at 48 hours after the last swimming training session and 

VD supplementation and their final BW was registered. 

To evaluate the efficiency of neonatal treatment with 

MSG for inducing obesity in rats, white adipose tissue 

(WAT) from perirenal fat depot was collected and 

weighed. 

Spleen Histology 

 Following euthanasia, the spleen was collected, 

cleaned, weighed and immediately transferred to 

histological fixation solution (ALFAC; 70% alcohol;               

37-40% formalin and glacial acetic acid) for 24h, after 

which the sample was maintained in 70% alcohol. 

Subsequently, the spleen samples were dehydrated in 

graded solutions of alcohol (70, 80, 90 and 100%), 

cleared with xylene and embedded in paraffin                    

(Sigma-Aldrich, MO, USA). The tissues were sectioned 

into 5-µM semi-serial slices using a Reichert Jung rotary 

microtome (Leica RM 2025 Microsystems Inc., Wetzlar, 

Germany) and Hematoxylin and Eosin (H&E) staining. 

Five microscopic fields per section and three sections per 

animal (6 rats per group) were analyzed. Stained 

preparations were photographed (40x objective, 500μm 

scale) with a photomicroscope (OLYMPUS BX60) coupled 

to a camera (OLYMPUS DP71) and images were 

analyzed using Image J software (Bethesda, MD, USA), 

available from the NIH site (http://rsb.info.nih.gov/ij). 

Images were evaluated for; the number of white pulps 

(WP) per field, the lymphatic node (LN) thickness, as 

well as the germinal center (GC) area in the WP. The LN 

was determined as the average of the largest and 

smallest measurements of LN thickness. The percentage 

(%) of occupation of the GC, in relation to the total WP 

area, was also calculated. Manually augmented 

photomicrographs depict representative images of the 

WP for each group. 

Statistical Analysis 

 Data are presented as mean ± standard error 

mean (SEM). Student’s t test was used to analyze the 

ability of neonatal MSG treatment to induce obesity in 

animals, where (p<0.05) was considered to be 

statistically significant. The effect of VD 

supplementation, associated or not with swimming 

training, was evaluated in CON lean rats and                     

MSG-treated rats, separately, using Two-way ANOVA. 

When F values were significantly different the Tukey 

post-test (p<0.05), was applied. Statistical analyses 

were conducted using Prism for Macintosh, version 5.0 

(Graphpad Software, San Diego, CA, USA). 

Results 

Adiposity and Spleen Histology in MSG-obese Rats: 

 Animals submitted to MSG treatment presented 

a reduction in BW (26.98%) and higher perirenal fat 

content (59.09%), in relation to CON lean animals. 

Moreover, the total spleen weight of the MSG rats was 

lower (18.75%), in comparison to that of CON lean rats 

(p<0.05) (Table 1). After the histological analysis of the 

stained spleen sections, no differences were observed in 

the number of WP and the GC area, when comparing 

the spleens of CON and MSG-treated rats. However, the 

spleens of MSG-treated rats presented an increase of 

WP area (27.01%; p = 0.0213) and augmented 

(43.91%; p = < 0.0001) thickness of the LN, in relation 

to the spleens of CON rats. In contrast, the spleens of 
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MSG-treated rats presented a reduced GC occupation 

(20.96%; p = 0.0062), in comparison to the spleens of 

CON rats (Figures 1.a - f). 

 Effects of Chronic VD Supplementation and 

Exercise on Adiposity and Spleen Histology from Lean 

Control Rats:  

 As presented in Table 2, the VD 

supplementation significantly modified BW (F1,53 = 

8.488; p = 0.0052), as well as fat content (F1,54 = 7.779; 

p = 0.0073), in CON rats. Thus, the CON-SVD rats 

presented higher (11.05%) BW, in comparison to               

CON-ENS animals (p<0.05). The perirenal fat depot in 

CON-SVD animals was heavier than those of the three 

other CON groups, demonstrating a direct effect of VD 

supplementation (F1,54 = 7.779; p = 0.007). In contrast, 

exercise reduced fat aggregation (F1,54 = 5.063;                             

p = 0.0285) in CON rats: Animals from the CON-ENS 

group presented lower perirenal fat depot (42.20%;                 

p= 0.0285) weights, in relation to those of the CON-SVD 

rats. Importantly, VD supplementation modulated the 

total spleen weight in the CON groups (F1,51 = 6.061;                 

p = 0.017); however, no differences in the mean values 

were observed among the groups in the post test. 

 Neither VD supplementation nor exercise 

significantly altered WP number in the spleens of CON 

rats (Figures 2.a - b). However, VD supplementation 

alone altered the total area of the WP (F1,18 = 5.336;                

p = 0.0330), where the spleens of CON-SVD rats 

presented a larger WP area (36.44%), compared to 

those of the CON-SNS rats (p<0.05). Moreover, the WP 

area was also influenced by the combination of VD 

supplementation and exercise (F1,18 = 13.30;                            

p = 0.0018); the mean WP area of the spleens of                  

CON-EVD rats was 18.49% larger than the mean WP area 

of spleens from CON-SVD rats (Figure 2.c; p<0.05). 

Exercise practice influenced LN thickness (F1,18 = 5.791; 

p = 0.0271), where CON-ENS rats presented a thicker LN 

(31.28%) than CON-SNS rats. Additionally, the 

combination of exercise and VD supplementation 

affected LN thickness (F1,18 = 12.61; p = 0.0023); 

animals from the CON-SVD and CON-EVD groups 

presented larger LN (28.35% and 22.29%, respectively) 

than that of the CON-SNS rats (Figure 2.d). The GC 

percentage was affected by exercise                         

(F1,18 = 17.58; p = 0.0005), where the spleens of the 

CON-ENS and CON-EVD groups presented lower 

percentages of GC occupation (21.06% and 19.11%, 

respectively), in relation to that of the spleens of the 

CON-SNS group (Figures 2.e - f). 

Effects of Chronic VD Supplementation and Exercise on 

Adiposity and Spleen Histology from MSG-Treated Rats: 

 Table 3 depicts the effects of chronic VD 

supplementation, in association or not with exercise, on 

the biometric parameters of MSG-obese rats. Neither VD 

supplementation nor exercise significantly influenced BW 

or perirenal fat pad weight in the MSG-obese rats 

(p>0.05). In contrast, VD supplementation alone altered 

spleen weight (F1,58 = 7.704; p = 0.0074); however, no 

differences were observed among mean values in the 

post test. 

 The histological analysis of the stained spleen 

sections from MSG obese rats (Figure 3.a) showed 

statistical differences with regard to the total WP area 

(Figure 3.c), which was affected by exercise practice 

alone (F1,17 = 7.660; p = 0.0132). The association of VD 

supplementation and exercise (F1,17 = 7.969;                         

  CON (n=10) MSG (n=10) 

Body weight (g) 335.80 ± 7.00 245.20 ± 8.62* 

Perirenal Fat (g/100g BW) 0.22 ± 0.01 0.35 ± 0.04* 

Spleen weight (g/100g BW) 0.16 ± 0.00 0.13 ± 0.01* 

Table 1. Effect of neonatal MSG treatment on anthropometric parameters. 

Data are mean ± SEM. Student´s t test (p < 0.05). CON: control and MSG: monosodium                   

glutamate (n=10 per group). 

http://www.openaccesspub.org/
http://openaccesspub.org/
http://openaccesspub.org/journal/jslr
https://openaccesspub.org/journal/jslr/copyright-license
https://doi.org/10.14302/issn.2578-2371.jslr-19-2819


 

 

Freely Available  Online 

www.openaccesspub.org    JSLR       CC-license    DOI :  10.14302/issn.2578-2371.jslr-19-2819             Vol-1 Issue 3 Pg. no.–  5  

Table 2. Effects of chronic VD supplementation, associated or not with exercise, on biometric parameters 

of control lean rats on the 88th day of life. 

Values represent means ± SEM; n = 10 – 15 rats per group. Two-way ANOVA, followed by Tukey’s               

post-test (p< 0.05; VD: vitamin D; E: Exercise and I: Interaction VD x E). Different letters on the same 

line represent statistical differences between groups. CON-SNS: control sedentary, non- supplemented; 

CON-SVD: control sedentary, supplemented with VD; CON-ENS: control exercised, non-supplemented;                             

CON-EVD: control exercised, supplemented with VD. (a) CON-SNS; (b) CON-SVD; (c) CON-ENS and (d)              

CON-EVD. 

  

  

CON- 

SNS 

CON- 

SVD 

CON- 

ENS 

CON- 

EVD 

  

  
    

          p-value 

          VD E I 

BW 

(g) 
335.80±7.00 351.64±5.60c 316.58±6.66b 345.15±10.86 0.005 0.097 0.407 

Perirenal Fat 

(g/100g BW) 
0.22±0.01 0.28±0.02c 0.16±0.01b 0.23±0.02 0.007 0.028 0.883 

Spleen 

(g/100g BW) 
0.168±0.00 0.153±0.00 0.166±0.00 0.155±0.00 0.017 0.937 0.729 

Table 3. Effects of chronic VD supplementation, associated or not with exercise, on biometric parameters 

of  MSG-obese rats on the 88th day of life. 

Values represent means ± SEM; n = 10 – 15 rats per group. Two-way ANOVA, followed by Tukey’s              

post-test (p< 0.05; VD: vitamin D; E: Exercise and I: Interaction VD x E). Different letters on the same 

line represent statistical differences between groups. MSG-SNS: sedentary monosodium glutamate-obese, 

non-supplemented; MSG-SVD: sedentary monosodium glutamate obese, supplemented with VD; MSG-ENS: 

exercised monosodium glutamate obese, non-supplemented; MSG-EVD: exercised monosodium glutamate 

obese, supplemented with VD. 

 

  

MSG- 

SNS 

MSG- 

SVD 

MSG- 

ENS 

MSG- 

EVD 

  

  
    

          p-value 

          VD E I 

BW 

(g) 
245.21±8.62 249.06±7.83 247.00±13.29 222.09±7.73 0.259 0.178 0.125 

Perirenal Fat 

(g/100g BW) 
0.35±0.04 0.35±0.04 0.29±0.02 0.34±0.03 0.573 0.373 0.448 

Spleen 

(g/100g BW) 
0.15±0.01 0.13±0.00 0.15±0.00 0.12±0.00 0.007 0.462 0.897 
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Figure 1. Effect of chronic VD supplementation, associated or not with exercise, on                         

histological aspects of the spleens of lean and MSG-obese rats. 

 Representative photographs (1.a) of spleen, stained with H&E; magnification (4x); 

500µm scale. Images used are described in the methods. White pulp (WP) of spleen consists 

of a lymphatic node (LN) and its germinal center (GC). Black arrow indicates GC; dashed                 

arrow indicates LN. Graphs present the mean±SEM of WP proliferation (1.b); GC area (1.c); 

LN thickness (1.d); WP total area (1.e) and GC occupation (%) (1.f) in spleen. The symbol 

“*” above the bars represents statistical difference by Student’s t test (p < 0.05); n = 6 rats 

by group. CON: control; MSG: monosodium glutamate. 
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Figure 2. Effect of chronic VD supplementation, associated or not with exercise, on             

histological aspects of the spleen of lean rats. 

 Representative photographs (2.a) of spleens, stained with H&E; magnification (4x); 

500µm scale. Images used are described in the methods. White pulp (WP) of spleen consists 

of a lymphatic node (LN) and its germinal center (GC). Black arrow indicates the GC; dashed 

arrow indicates LN. Graphs present the mean±SEM of WP proliferation (2.b); WP total area 

(2.c); LN thickness (2.d); GC area (2.e) and GC occupation (%) (2.f) in spleen. The letters 

above the bars represent statistical difference by two-way Anova with Tukey`s post-test (p < 

0.05); n = 6. CON-SNS: sedentary control, non-supplemented; CON-SVD: sedentary control, 

supplemented with VD; CON-ENS: exercised control, non-supplemented; CON-EVD: exercised 

control, supplemented with VD. (a) CON-SNS; (b) CON-SVD; (c) CON-ENS and (d) CON-EVD. 
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Figure 3. Effect of chronic VD supplementation, associated or not with exercise, on               

histological aspects of the spleen of MSG obese-rats. 

 Representative photographs (3.a) of spleens, stained with H&E; magnification (4x); 

500µm scale. Images used are described in Methods. White pulp (WP) of spleen consists of 

a lymphatic node (LN) and its germinal center (GC). Black arrow indicates the GC; dashed 

arrow indicates LN. Graphs present the mean±SEM of WP proliferation (3.b); WP total area 

(3.c); LN thickness (3.d) and GC area (3.e) and GC occupation (%) (3.e) in the spleen. The 

letters above the bars represent statistical difference by two-way ANOVA with Tukey`s post

-test (p < 0.05). MSG-SNS: sedentary monosodium glutamate, non-supplemented; MSG-SVD: 

sedentary monosodium glutamate, supplemented with VD; MSG-EVD: exercised                       

monosodium glutamate, supplemented with VD; MSG-ENS: exercised monosodium                        

glutamate, non-supplemented. (a) MSG-SNS; (b) MSG-SVD; (c) MSG-ENS and (d) MSG-EVD. 
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p = 0.0117) altered LN thickness (Figure 3.d) in MSG-rat 

spleens; however, significant statistical differences were 

not found for the mean values of total WP area and LN 

thickness measurements in the post-test. Furthermore, 

no significant differences were observed for the 

parameters; number of WP, GC area and GC 

proliferation (Figures 3.b; e - f). 

Discussion 

 Neonatal MSG administration induces 

hypothalamic lesions, resulting in dysfunctions in the 

autonomic nervous system (ANS) and endocrine 

abnormalities, promoting obesity without any alteration 

in food intake [22, 23]. In the present study, as 

previously demonstrated in the literature [17, 23],               

MSG-treated rats demonstrated higher WAT 

accumulation and reduced BW, in relation to CON lean 

rats. 

 The rats treated with MSG present an altered 

inflammatory profile and IR [20,23]. The role of the 

spleen in this disorder is exemplified by the fact that 

splenectomy in MSG-treated rats improves obesity and 

IR, without modifying plasma inflammatory                   

cytokines [16]. About the spleen, is a secondary 

lymphoid organ responsible for immune surveillance 

against blood-circulating pathogens and the WP is a 

splenic region rich in lymphocytes T and B [25]. Thus, 

we observed that the spleens of MSG-treated rats 

demonstrated a reduced weight, accordingly to 

previously findings [25,26]. Additionally, were verified 

alterations in splenic morphology in spleen of MSG-rats, 

such as increased WP area, reduced occupation of GC 

and augmented thickness of LN, in relation to the spleen 

of CON lean rats. However, other studies have shown 

that the MSG-treated rats had atrophy of the WP, 

absence of GC and abundance of hemosiderophages in 

the spleen, these data are different from our findings

[26, 27]. Moreover, these authors also observed high 

presence of cell elements of hematopoiesis, especially 

megakaryocytes in the red pulp (RP) and large 

congested blood vessels with thick walls in spleen of 

MSG-treated rats [26,27]. In addition, was found a 

decrease in CD3+ T-lymphocyte number in the splenic 

tissue of MSG-treated rats, besides an unclear 

differentiation between the RP and WP zones, and a 

reduction in LN size [27]. In contrast, in the present 

study we observed augmented thickness of LN in                

MSG-treated rats, in relation to spleens from                  

CON-lean rats.  

Obesity is associated with an imbalance between 

pro and anti-inflammatory cytokines [1]. IL-10 is an 

important anti-inflammatory cytokine, where the spleen 

is responsible for approximately 30% of circulating IL-10 

levels [2]. Both subcutaneously-administered MSG and 

oral MSG administration appear to induce a reduction in 

plasma IL-10, suggesting that this agent is able to 

provoke splenic hypo-function and atrophy [14, 28]. 

However, is important to recognize that subcutaneous 

MSG administration induces hormonal alterations, such 

as, absence of the growth hormone releasing hormone 

(GHRH) and growth hormone (GH), as well as high 

cortisol levels [29]. As mentioned by Dorshkind and 

Horseman (2000) [30], the immunomodulatory 

properties of GH result from its ability to counteract the 

negative effects mediated by stress-induced 

glucocorticoids upon the immune system. In addition, 

severe somatotrophy deficiency of Ghrh−/− mice 

essentially affects the spleen and the B compartment of 

the adaptive immune system, inducing reduced spleen 

size amongst other effects [31]. Taken together, these 

data show that neonatal subcutaneous MSG 

administration can exert, direct and indirect 

immunotoxic effects on the spleen. 

 The effects of VD on the immune system are 

well established [32], with VD deficiency playing a role 

in several immunological diseases [33]. Additionally, VD 

supplementation appears to improve glucose tolerance, 

insulin sensibility and dyslipidemia in obese                      

subjects [18]. We have recently confirmed that oral VD 

supplementation is able to improve IR and dyslipidemia 

in MSG-obese rats without affecting adiposity [34].  

However, in CON lean animals, VD appeared to elevate 

fat aggregation, especially in relation to exercised rats. 

The impact of VD on WAT has demonstrated 

contradictory results. For example, in high fat diet (HFD) 

obese mice, VD supplementation reduced WAT, but in 

isolated 3T3-L1 adipocytes, VD has been reported to 

stimulate adipogenesis [35, 36]. Moreover, VDR-/- mice 

have reduced WAT content [37]. In contrast, exercise 

reduced WAT in lean rats; an effect that was not 

observed in MSG, suggesting that obese rats present a 

lower lipolytic response to exercise. Accordingly, 

neonatal MSG treatment has been shown to alter 
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lipolysis in some fat depots [38]. 

Interestingly, we observed that VD 

supplementation promoted an augmentation in the WP 

area, as well as in the GC area, in spleens from CON 

lean rats, without altering histological aspects in spleens 

of MSG-obese rats. VD supplementation can elevate 

secretion of IL-2 and the proliferation index of T 

lymphocytes in the spleens of immunosuppressant              

mice [39] and, in HFD-obese mice, VD supplementation 

improves spleen morphology, inducing increased WP, 

with proliferation of LN and augmented immune activity 

in the spleen [33]. These, data suggest that VD 

supplementation was unable to attenuate or revert the 

splenic histological abnormalities induced by neonatal 

MSG treatment. However, changes, induced by VD, in 

spleen functionality cannot be disregarded. Jin et al. 

(2018) demonstrated that intraperitoneally-administered 

VD induced the infiltration of Treg cells in secondary 

immune organs, such as the spleen and lymphatic  

nodes [40]. Moreover, as mentioned, MSG-obese rats do 

not produce GH, but present excessive cortisol levels, 

events that could prevent the effects of VD on the 

spleen. Further studies are necessary to clarify these 

hypotheses in the MSG-obese model.  

The role of exercise in metabolism is well 

established; exercise improves glucose and lipid 

homeostasis [10] and can modulate the immunological 

system [40]. Whether exercise has positive or negative 

effects on immune responses depends on the                

intensity, frequency and duration of exercise                  

training [41,42]. Exercise stimulates the sympathetic 

nervous system (SNS) by inducing the release of 

catecholamines (adrenaline and noradrenaline) from the 

adrenal glands, and stimulates the direct action of 

noradrenaline in tissues innervated by post-ganglionic 

sympathetic neurons [42,43,44]. Importantly, the spleen 

is richly innervated by the SNS and noradrenaline (NE) 

exerts important immunomodulatory effects in 

splenocytes [10]. 

In the present study, CON lean-exercised rats 

presented augmented LN size, without change in spleen 

weight. Previous studies have demonstrated that 

exercise in rodents and humans [45,46] can reduce 

spleen weight, via an effect that appears to be 

dependent on exercise intensity [45]. Using a similar 

exercise training protocol as that applied herein, Shimojo 

et al. (2019) recently demonstrated that swimming 

training reduces TNF-alpha production in the spleens of 

C57BL/6J male mice during endotoxemia [47]. Similar 

results were obtained by Chen et al. (2016) [48]. In this 

study, exercise dampened the secretion of 

inflammatory mediators, through partial inhibition of 

TLR4 and p-NF-κB, and activation of PI3K/p-Akt 

expression in the spleen. Moderate physical training can 

also abolish the effects of nutritional programming on 

splenic morphometry in adult rats [49]. In contrast, in 

MSG-treated rats, we observed that swimming training 

did not modify histological aspects of the spleen. Some 

studies have demonstrated that positive effects of 

exercise in immune system are dependent upon HPA 

activation [50]. Neonatal MSG treatment promotes 

disruption in the HPA axis, potential diminishing the 

benefits of exercise on the spleen. 

Several nutritional strategies have been 

associated with exercise training, with the aim of 

improving physical performance or accelerating weight 

loss [51,52]. Moreover, prolonged exercise and heavy 

training are associated with depressed immune function; 

a condition improved by VD supplementation [51,53].  

In the present study, the association of VD plus 

swimming training did not change body weight or WAT 

mass in either CON lean or MSG-obese rats. Aly et al. 

(2016) reported that regular moderate exercise training 

improves the effects of VD by enhancing vitamin D 

receptor (VDR) responsivity [53]. Moreover, Carillho et 

al. (2013) showed that, in obese or overweight humans, 

VD supplementation plus exercise elevates muscle 

potency, in association with an improved VD status and 

a reduction in waist circumference [54]. However, as 

demonstrated by Van den Heuvel et al. (2013), high 

intensity exercise exerts a greater impact on plasma VD 

levels [55]. The association of VD supplementation with 

physical exercise improves metabolic conditions in 

patients with MS, by maximizing the effects of exercise 

and should be recommended [54]. 

To date, no study has investigated the effect of 

the combination of exercise and VD on the spleen. We 

demonstrate, for the first time, that there was no 

additive effect of the association of exercise and VD 

supplementation on morphological aspects of spleen. In 

the spleens of CON lean rats, the isolated effects of 

exercise or VD were maintained. It should be 
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emphasized that both exercise and VD augmented the 

thickness of the LN, but this effect was not further 

exacerbated in VD-exercised rats, suggesting that 

pathways by which these effects are mediated may be 

similar. In contrast, while VD elevated the area of WP 

and the size of GC, exercise reduced the GC area as well 

as GC occupation, suggesting an antagonist impact on 

this parameter. Recently, forced swimming training was 

demonstrated to reduce WP and increase apoptotic 

index in splenocytes [55]. It is probable that 

immunological effects regulated by exercise are 

determined by SNS activity effects on the spleen, while 

the action of VD could be, at least in part, dependent 

upon VDR activation and modulation of other                

hormonal pathways, such as the action of 

glucocorticoids [53, 54, 56, 57]. 

Conclusion 

 In summary, our data show that neonatal MSG 

treatment reduces spleen size, in association with an 

increase in WP area and LN thickness and a reduction in 

the GC region. Neither exercise nor VD supplementation 

were able to restore histological aspects in the spleens 

of hypothalamic obese rats. In contrast, in the spleens 

of control lean rats, isolated effects of exercise and VD 

were observed. Thus, both interventions augmented LN 

thickness, but VD alone elevated WP and GC area, while 

swimming training reduced GC area, indicating that 

different splenic pathways were modulated by exercise 

and by VD supplementation.  
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