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Changes in the mucosal immunity
iInduced by diets enriched with
cocoa and hesperidin in intensively
trained and exhausted rats
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Margarida Castell**> & Malén Massot-Cladera®2"*

Mucosal immunity can be altered by exhausting exercise, while it may be enhanced by flavonoid-
enriched diets. This study aimed both to ascertain the influence of exhausting exercise in rats on
mucosal immunity, and to establish the effect of 10% cocoa-enriched diets, alone (C10) or together
with 0.5% hesperidin (CH), on the alterations in the mucosal immune system caused by exhausting
exercise. For 6 weeks, Lewis rats were fed either standard, C10, or CH diets while following an intensive
exercise training program. The animal groups included sedentary, trained, or exhausted rats for each
diet. Results showed no effect of exercise on intestinal permeability or the main lymphocyte subsets of
mesenteric lymph nodes (MLNs), although a higher proportion of NK cells were observed after training.
Exhaustion increased the proportion of CD62L + Th and Tc cells but did not modify the lymphocyte
functions of MLNs. Diets enriched with cocoa prevented the increase in the proportion of NK cells in
MLNs whereas increased the proportion of B, Tc, and Ty$ cells. Although exercise did not modify the
immunoglobulin synthesis, cocoa diets resulted in a rise in the synthesis of IgG and a lower salivary IgA
content. In conclusion, few mucosal changes were induced in the model of exercise performed in Lewis
rats, thus cocoa diets could not demonstrate a preventive effect on these alterations. Nevertheless,
cocoa-enriched diets enhanced some aspects of intestinal immunity.

Keywords Cocoa, Exhausting exercise, Flavonoids, Gut-associated lymphoid tissue, Hesperidin

Abbreviations

alAT a-1-Antitrypsin

C10 Diet containing 10% cocoa

CCiT-UB Scientific and Technological Centers of the University of Barcelona
CH Diet containing 10% cocoa and 0.05% hesperidin
ConA Concanavalin A

D Diet

E Exercise

ET Exhaustion test

FBS Fetal bovine serum

GALT Gut-associated lymphoid tissue

GW Gut wash

MFI Mean fluorescence intensity

MLNs Mesenteric lymph nodes

NS No statistically significant

REF Reference diet

RUN group  Runner animals
SED group Sedentary animals
SMG Submaxillary salivary glands
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T group Trained group

Tc T cytotoxic cells

TE group Trained group after the final exhaustion test
T helper cells

TNF-a Tumor necrosis factor a

Regular flavonoid consumption is associated with beneficial health effects!. Flavonoids include flavanols,
flavones, flavonols, flavanones, isoflavones, and anthocyanins. Flavanols can be found in seeds such as cocoa?,
whereas flavanones, such as hesperidin (B-7-rutinoside of hesperetin), are exclusively found in citrus fruits?.

Cocoa flavanols mainly include catechins, which account for 37% of the polyphenol content in cocoa beans,
with the (-)-epicatechin being the most abundant, along with proanthocyanidins?™*. Cocoa intake has been
associated with beneficial effects on health™®, and it is able to attenuate inflammatory responses as well as to
influence systemic and intestinal immunity’~. Rat models have demonstrated that cocoa diets can modify
systemic immune functions and also influence the gut-associated lymphoid tissue (GALT). In this regard, a
cocoa-enriched diet can change T lymphocyte functionality as well as attenuating the immunoglobulin (Ig)
synthesis in both systemic and intestinal compartments!?.

Hesperidin, the main flavonoid in sweet orange and lemon, has demonstrated both antioxidant and beneficial
effects in chronic and inflammatory diseases>!">12, In addition, a hesperidin-enriched diet influences both the
systemic and intestinal immune system. In the context of intestinal immunity, preclinical studies in healthy rats
have shown that the administration of hesperidin increased the T:B cell ratio, enhanced the IFN-y production
in mesenteric lymph nodes (MLNs), and modified the lymphocyte composition in the intestinal epithelium and
lamina propria'®. In Lewis rats, the oral administration of hesperidin increased the intestinal IgA content!.
On the other hand, in rodent asthma or rhinitis models, hesperidin administration attenuated the IgE levels
among other inflammatory variables!>-!”. Hesperidin was also able to counteract the immunosuppressive effects
of cyclophosphamide in rats by enhancing both innate and adaptive immune responses'®.

The regular practice of moderate-intensity physical exercise is mainly associated with benefits for health. In
this regard, moderate exercise protects against obesity, type 2 diabetes, and cardiovascular disease!®. Moreover,
it improves immune system functionality?>?!. However, when the level of intensity becomes excessive and
exhausting it can alter immune system functions, particularly mucosal immunity. Evidence of these alterations
in mucosal immunity appears in athletes who undergo periods of intensive training or exhausting exercise,
which are frequently followed by upper respiratory tract infections?2. Further evidence of alterations in mucosal
immunity comes from studies reporting that most athletes suffer gastrointestinal problems such as diarrhea,
cramping, and gastric pain, which can led to a decrease in exercise performance?*?%. It has been proposed that
dietary supplements could enhance exercise performance, and many studies have focused on the effects of
flavonoid consumption on physical exercise performance, as recently reviewed>?. However, little is known
about flavonoid intake and its potential protective effect on exhausting exercise-associated mucosal disturbances.
Indeed, studies in humans have reported that cocoa intake reduces exercise-induced oxidative stress, although
results are contradictory*’~3!. Moreover, preclinical studies showed that the administration of (-)-epicatechin,
the main flavonoid in cocoa, delays the onset of fatigue in mice*? and maintains exercise-induced improved
capillarity and mitochondrial capacity, even when the exercise regimen is discontinued®. On the other hand,
we reported no changes in the performance of a single session of intensive exercise after a 10% cocoa diet for 25
days; however, it prevented oxidative stress and some acute intensive exercise-induced changes in lymphocyte
distribution in the intestinal immune system and also resulted in a lower production of proinflammatory
cytokines*3,

With regard to studies focused on exercise and hesperidin, apart from some revisions , preclinical
studies have shown that intensively trained Wistar rats orally administered with hesperidin exhibited reduced
oxidative stress in lymphoid tissues, which was associated with improved performance®”. Accordingly,
hesperidin supplementation enhanced the antioxidant capacity of exercised animals in a swimming exercise
model®. Similarly, the intake of glucosyl hesperidin (with greater bioavailability than hesperidin) improved the
low-intensity running performance of Wistar rats but had no effect on high-intensity running performance®.

As both cocoa- and hesperidin-rich diets influence the immune system through different mechanisms, it is
plausible that their combined intake could have a complementary or even synergistic effect. Similarly, despite
the preclinical studies mentioned above showing the influence of cocoa® or hesperidin®” in intensively trained
animals, the combined effect of cocoa and hesperidin has not been previously reported with the exception of our
previous study in which we reported on systemic alterations of the immune system?’. Nevertheless, the effect
on the mucosal immune system has not been established. Based on this, in the current study we first aimed to
ascertain the influence of chronic and exhausting exercise on the mucosal immune system, focusing above all
on the GALT. Secondly, we aimed to assess the effect of diets enriched with cocoa, alone or in combination with
hesperidin, on the alterations in the mucosal immune system induced by chronic and exhausting exercise in
these animals.

25,26,36

Results
Exercise performance
To achieve this objective, a previously described animal model subjected to both a training and exhaustion
program for 6 weeks was used”’. Briefly, animals fed a reference diet (REF), a cocoa-enriched diet (C10) or a
cocoa and hesperidin-enriched diet (CH) were submitted to training (T), training with a final exhaustion test
(TE) or remained sedentary (SED) for 6 weeks.

Throughout the training period, the maximum speed achieved by the animals from each of the different diet
groups in the exhausting tests (ETs) performed each Monday and each Friday was monitored (Fig. 1a). During
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Fig. 1. Maximum speed achieved in the ETs performed every Monday (ETa) and Friday (ETb) throughout the
6-week training program (a); the area under the curve (AUC) of the maximum speed achieved through the
same period (b); and the maximum speed achieved in the last ET (ET6b) for the TE group (c). Diet (D); time
(T); time x diet interaction (TxD); reference diet (REF); diet with 10% cocoa (C10); diet with 10% cocoa and
0.5% hesperidin (CH). Data are expressed as mean + standard error of the mean (SEM) (a and b: n=9 for the
SED groups and n =18 for the RUN groups; c: n=6 for all diets). Statistical differences: * p <0.05 vs ET1a; **
p<0.05 vs ET1a-ET3a; NS, no statistically significant differences.

the first 3 weeks, the maximum speed achieved in the Friday ET (ET1b, ET2b and ET3b) was higher than that
achieved in their respective Monday ET (ET1a, ET2a and ET3a). Animals were faster in the last 3 weeks (ET3b-
ET6a) but no differences were observed between Fridays and Mondays during this period. Globally, the area
under the curve (AUC) (Fig. 1b) indicates that the diet had no effect. The maximum speed achieved in the last
ET (ET6b) did not differ between animals submitted to different diets (Fig. 1c).

Intestinal permeability

As a measure of increased intestinal permeability*!, the a-1-antitrypsin (a1AT) concentration was quantified
in the gut wash (GW) obtained from the distal part of the small intestine from the SED, T, and TE groups fed
either the REF, C10, or CH diets (Fig. 2). While no significant changes were observed resulting from the exercise
program, the intake of cocoa together with hesperidin (CH group) induced significant changes in permeability,
basically enhancing it, in comparison to the REF animals (p <0.05 CH vs. REF).

Mesenteric lymph nodes lymphocyte composition

The proportion of B, Tap+ (Th, Tc and NKT subsets), Tyd+ and NK cells was established in the mesenteric lymph
nodes (MLNs) from the SED, T, and TE groups fed the REE, C10, or CH diets (Fig. 3). Likewise, the proportion
of CD25 + cells (activated cells) and CD62L + cells (cells expressing L-selectin, involved in lymphocyte homing)
in Th and Tc lymphocytes, respectively, was also quantified (Fig. 4).

With regard to the effects of exercise, the statistical analysis by two-way ANOVA showed no influence of
exercise on the main MLNs lymphocyte populations, meaning that the six-week training program (T group) and
the additional ET (TE group) did not affect the proportion of either B cells or T lymphocyte subsets, such as Tap+,
Th, Tc, and NKT (Fig. 3). Nevertheless, the statistical analysis revealed the impact of the diet, independently of
exercise, on the main MLNs lymphocytes. Thus, both the C10- and the CH-fed animals globally showed a
higher proportion of B cells (p <0.005) and, reciprocally, a lower proportion of Tap+ cells compared to those fed
the REF diet (p <0.005) (Fig. 3a, b), resulting in a reduced T:B cell ratio (p <0.001) (Fig. 3¢). In addition, both the
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Fig. 2. Concentration of a-1-antitrypsin (a1AT) in the gut wash of the distal part of the small intestine at the
end of the study. Diet (D); exercise (E); diet x exercise interaction (DxE); sedentary rats (SED), trained rats (T),
trained and exhausted rats (TE); reference diet (REF); diet with 10% cocoa (C10); diet with 10% cocoa and
0.5% hesperidin (CH). Data are expressed as mean = SEM (n = 9/group). Statistical differences indicated in the
legend box; NS, no statistically significant differences.

C10 and CH diets led to a lower proportion of Th cells (and, reciprocally a higher proportion of Tc cells) than the
REF diet (p <0.001) (Fig. 3d, e). No diet-induced changes were observed in NKT cells (Fig. 3f).

Regarding the minor population of Tyd+ cells, the statistical analysis by two-way ANOVA showed a non-
significant influence of exercise but a significant effect both of the diet (p <0.001) and the interaction between
exercise and diet (p<0.001) (Fig. 3g). Thus, a significant reduction in Tyd+ cells was observed in exhausted
animals fed the C10 diet, compared to its trained counterpart (p <0.05 TE-C10 vs. T-C10). However, the C10
diet led to a higher percentage of Tyd+ cells in SED and T animals compared to their corresponding REF-fed
groups (p <0.001), and even compared to trained animals fed the CH diet (p <0.05). The increase with respect to
REF animals was also observed in SED and TE animals following the CH diet (p <0.001) (Fig. 3g).

In the case of the population of NK cells in MLNG, the statistical analysis by two-way ANOVA revealed a
significant influence of exercise (p <0.001), diet (p <0.001) and also the interaction between exercise and diet
(p<0.01) (Fig. 3h). As a global effect of exercise and regardless of the diet, exhaustion (TE groups) decreased
the proportion of NK cells compared to their trained counterparts (T groups), (p <0.001). However, training
increased the proportion of NK cells in MLNs in the REF-fed animals (p <0.005 T-REF vs. SED-REF), an increase
that was not observed after the final ET (p <0.001 TE-REF vs. T-REF; p>0.05 TE-REF vs. SED-REF). The CH
diet prevented the increase in trained REF animals (p<0.05 T-CH vs. T-REF), and also decreased the NK cell
proportion in TE and SED animals (p <0.05 SED-CH vs. SED-REF, and TE-CH vs. TE-REF). In agreement with
these results, the C10 diet also prevented the increase in T-REF animals, and reduced the NK cell proportion in
TE animals (p <0.05 T-C10 vs. T-REF and TE-C10 vs. TE-REF).

The proportion of CD25+ cells in Th and Tc lymphocytes was not modified by either the six-week exercise
program (T group) or the final ET (TE group) (Fig. 4a, c). However, exercise had a significant effect on the
proportion of CD62L+ cells in both Th and Tc subsets (p<0.05). In particular, in the TE groups, there was a
higher proportion of CD62L+ Th and CD62L+ Tc cells compared to the T groups (Fig. 4b, d). Following the C10
or CH diet did not prevent this change (Fig. 4b, d).

Mesenteric lymph nodes lymphocyte functionality

The functionality of cells obtained from the MLNs was first assessed by their proliferative capacity (Fig. 5) and the
release of cytokines under concanavalin A (ConA) stimulation (Supplementary Fig. S1). The statistical analysis
by two-way ANOVA showed no influence of exercise or diet in the proliferative capacity of MLNs lymphocytes,
but there was a significant effect of the interaction between exercise and diet (p <0.01). In other words, globally,
exercise did not alter the MLNs lymphocytes’ proliferation ability, but the diet influenced certain exercise groups
(Fig. 5). Thus, in T rats, proliferative capacity was higher in the CH-fed animals compared to those fed the REF
diet (Fig. 5). However, this enhanced proliferative activity observed in the T-CH group was lost after the final
exhausting test (TE group) (Fig. 5a).

With regard to cytokine secretion, neither training nor dietary interventions affected the secretion of
interferon (IFN)-y, interleukin (IL)-2, tumor necrosis factor (TNF)-a, IL-10, IL-17, IL-4 and IL-6 from MLNs
lymphocytes (Supplementary Fig. S2).

Moreover, the functionality of MLNs lymphocytes was also established by quantifying the secretion of
IgM, IgG and its isotypes in the culture supernatant of MLNs lymphocytes (Fig. 6). No changes due to exercise
were observed in the levels of secreted IgM or IgG (Fig. 6a, b). However, both the diet and of the interaction
between exercise and diet had a significant effect (p<0.001 and p <0.005, respectively). Thus, independently of
the exercise, both the C10 and CH diets led to a higher concentration of IgG secreted by MLNs lymphocytes
compared to the REF diet (Fig. 6b). Considering the changes in the IgG isotypes, i.e., IgG1, IgG2b and IgG2c
(Fig. 6¢-e, respectively), the IgG increase can be attributed firstly to an increase in IgG2c (Fig. 6e), the main Ig
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Fig. 3. Percentage of main lymphocyte populations in MLNs: B (CD45RA+) (a); Tap (TCRap+) (b); T:B cell
ratio (c); Th (CD4+ CD161a- in TCRap+) (d); Tc (CD8+ CD161a- in TCRaf+) (e), and NKT (CD161a+in
TCRaP+) (f) cells; Tyd (TCRyS+) (g); natural killer (NK) (CD161a+ TCRap-) (h). Diet (D); exercise (E); diet
x exercise interaction (DxE); sedentary rats (SED); trained rats (T); trained and exhausted rats (TE); reference
diet (REF); diet with 10% cocoa (C10); diet with 10% cocoa and 0.5% hesperidin (CH). Data are expressed

as mean + SEM (n=6-8/group). Statistical differences indicated in the legend box; when the DxE interaction
was significant: * p <0.05 vs. REF diet, # p <0.05 vs. C10 diet, lines with p values between groups with different
exercise conditions; NS, no statistically significant differences.

secreted, and secondly, to an increase in IgG2b (Fig. 6d). Additionally, the C10 diet also enhanced the production
of IgG1 (Fig. 6¢).

Mucosal IgA content

IgA content was determined in mucosal compartments such as the GW, as well as in homogenates from MLNs
and the submaxillary salivary gland (SMG) (Fig. 7). In the MLNs homogenates, statistical analysis by two-way
ANOVA revealed the significant effect of exercise (p <0.05), diet (p <0.005), and the interaction between both
(p<0.01). In consequence, it can be observed that the final exhaustion test induced a significant increase in IgA
concentration in the REF-fed group (Fig. 7a). Both the C10 and CH diets prevented the ET-induced increase in
IgA.

On the other hand, no significant differences in IgA concentration due to exercise were observed in the
GW (Fig. 7b) and SMG (Fig. 7¢), but diet (p <0.001) and also the interaction between exercise and diet in GW
IgA (p<0.05), had a statistically significant influence. In general, both the C10 and CH diets, independently of
exercise, decreased the IgA concentration in the GW and SMG (Fig. 7b, c).

Discussion

The present study aimed to evaluate the impact of intensive training and exhaustion on the mucosal immunity of
Lewis rats, as well as the effect of diets enriched with 10% cocoa alone (C10) or combined with 0.5% hesperidin
(CH) on the alterations in the mucosal immune system induced by chronic and exhausting exercise. Additionally,
changes due to the C10 and CH diets, regardless of the exercise, were also observed and are discussed here.
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Fig. 4. Percentage of CD25+and CD62L+ populations in Th and Tc MLNs lymphocytes: CD25+ in Th cells
(a); CD62L+in Th cells (b); CD25+in Tc cells (¢); CD62L+in Tc cells (d). Diet (D); exercise (E); diet x exercise
interaction (DxE); sedentary rats (SED); trained rats (T); trained and exhausted rats (TE); reference diet (REF);
diet with 10% cocoa (C10); diet with 10% cocoa and 0.5% hesperidin (CH). Data are expressed as mean + SEM
(n=6-8/group). Statistical differences indicated in the legend box; NS, no statistically significant differences.
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Fig. 5. Proliferative rate of MLNs lymphocyte. Diet (D); exercise (E), diet x exercise interaction (DxE);
sedentary rats (SED); trained rats (T); trained and exhausted rats (TE); reference diet (REF); cocoa diet (C10);
cocoa and hesperidin diet (CH). Data are expressed as mean + SEM (n=6-8). Statistical differences indicated
in the legend box; when the DxE interaction was significant: * p <0.05 vs. REF diet, lines with p values between
groups with different exercise conditions; NS, no statistically significant differences.

Firstly, it has to be taken into account that, as already demonstrated®, the exercise performance did not
differ as a result of either cocoa diets, which agrees with previous preclinical and clinical studies***>%3. On the
other hand, the training program used in this study induced fewer effects on the immune system compared
to a previous study conducted in Wistar rats that underwent a similar but slightly shorter training program (5
weeks)*. In particular, the 5-week-training program in Wistar rats reduced the IgA content in the SMG but not
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Fig. 6. Mesenteric lymph nodes (MLNs) lymphocytes’ functionality concerning Ig secretion: IgM (a), IgG (b),
IgG1 (c), IgG2b (d), IgG2c (e). Diet (D); exercise (E), diet x exercise interaction (DxE); sedentary rats (SED);
trained rats (T); trained and exhausted rats (TE); reference diet (REF); cocoa diet (C10); cocoa and hesperidin
diet (CH). Data are expressed as mean + SEM (n=6-8/group). Statistical differences indicated in the legend
box; when the DXE interaction was significant: * p<0.05 vs. REF diet, # p<0.05 vs. C10 diet; NS, no statistically
significant differences.

in the GW. It also impaired the intestinal tight junction proteins’ gene expression and modified the composition
and function of the MLNs by increasing the ratio between the Taf+and B cells, reducing their proliferative
ability, and enhancing the IFN-y secretion. However, no change in the levels of alAT in GW was detected*!.
Similarly to these previous results, the six-week training program in Lewis rats did not induce changes in
the levels of alAT in GW. However, unlike the study in the Wistar rats, the present training program did not
modify either the salivary IgA content or the GW IgA concentration, nor did it change either the Tap+or B
cell proportions, their proliferative ability, or the cytokine secretion in MLNs in Lewis rats. The differences
observed between Wistar and Lewis rats following a similar intensive training program could be due to the
small sample size used in the present study or the inherent differences between rat strains. While Lewis rats
are more sensitive to immune changes®, they also seem to be more resistant to stress*®, with a hyporesponsive
hypothalamic-pituitary-adrenal axis and a different balance between mineralocorticoid and glucocorticoid
receptors in brains of Lewis rats when compared to Wistar rats?’. Moreover, Lewis rats, in particular female rats
as used here, elicited a different behaviour response to administration of stress-inducing compounds (toll-like
receptor 3 agonist and viral memetic polyinosinic-polycytidylic acid) with respect to Wistar rats*®. Therefore,
Lewis rats may have better tolerance to the intensive running for 6 weeks, with no significant changes in mucosal
immunity. Further studies are needed to clarify these strain differences and establish the most appropriate model
for studying the effects of overtraining on the immune system. Indeed, a previous characterization of systemic
immunity in Lewis rats after intensive training and exhaustion also showed few alterations in spleen lymphocyte
distribution, their proliferative activity, NK cytotoxicity activity, and cytokine and immunoglobulin secretion®’.

Among the effects found in the current study on the GALT compartment, Lewis rats trained for 6 weeks
showed an increase in the proportion of NK cells in MLNs. It has been reported that these cells and their functions
are sensitive to exercise/training modalities*, which could explain the changes observed during training that
are lost after exhaustion. Importantly, this change in trained rats was prevented when they were fed with diets
containing cocoa and hesperidin (CH diet) and also cocoa alone to some degree. This effect may be attributed
to a synergistic interaction between cocoa and hesperidin. In fact, although no studies focused on gathering
these particular compounds, it is reasonable to think that the mixture of polyphenols of different origin and with
demonstrated anti-inflammatory and antioxidant effects®*, may have an additive or even synergistic effect. On
the other hand, we observed that after exhaustion, MLN lymphocytes showed a higher proportion of CD62L+ Th
and Tc cells when compared to trained rats. This increase in CD62L+ Th and Tc cells may indicate the migration
of cells to the MLNs, as CD62L is involved in lymphoid homing to secondary organs. This migration could be
triggered by adrenaline secretion induced by exhaustion®! and could not be prevented by either the C10 or CH
diets.

With regard to immunoglobulin content in mucosal compartments, we previously reported that the final
exhaustion test in Wistar rats induced a higher cecal IgA concentration compared to trained rats**. Although
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Fig. 7. IgA concentration in mesenteric lymph nodes (MLNs) homogenates (a), gut wash (GW) (b) and
submaxillary gland (SMG) homogenates (c). Diet (D); exercise (E), diet x exercise interaction (DxE); sedentary
rats (SED); trained rats (T); trained and exhausted rats (TE); reference diet (REF); cocoa diet (C10); cocoa and
hesperidin diet (CH). Data are expressed as mean + SEM (n=6-8/group). Statistical differences indicated in
the legend box; when the DxE interaction was significant: * p <0.05 vs. REF diet; NS, no statistically significant
differences.

we did not determine cecal IgA concentration in the current study, we observed, in agreement with these results
from Wistar rats, that the final exhaustion in Lewis rats provoked a higher IgA content in MLNs. These results
are in line with those obtained in the intestine of mice submitted to strenuous exercise after prior training™,
suggesting a potential influence of exhaustion on intestinal IgA+ plasma cells. In this case, it is worth noting that
both C10 and CH diets were able to prevent the exhaustion-induced increase in the IgA content in MLNs and
GW. In fact, both diets also reduced the IgA content in SMG regardless of exercise, which aligns with previous
studies®*->>. The differential exercise-induced IgA changes in the MLNs, GW, and SMG observed in the present
study could be mainly due to the distinct role and characteristics of these three compartments. Exercise impacts
IgA levels in the MLNs in particular due to their involvement in the GALT. While there is evidence that exercise
induces a lower IgA salivary concentration in the SMG?, here we found that SMG does not appear to be directly
influenced by changes in gut immune function or systemic effects of exercise. With regard to the GALT, and
independently of the exercise program, the diet containing cocoa and hesperidin (CH diet), but not cocoa alone
(C10 diet), globally modified the intestinal permeability, primarily by increasing the alAT levels in the GW. In
fact, while recent clinical studies showed that a beverage containing cocoa, blueberry, and green tea flavonoids
did not alleviate exercise-induced intestinal injury during submaximal cycling®®, another study demonstrated
the protective effect of cocoa flavonoids on the intestinal permeability in elite football players®”. However, in
the case of hesperidin, in vitro models have shown contradictory results regarding its protective effects against
epithelial barrier dysfunction®®*. Therefore, given that the CH diet also affects SED animals, the actual in vivo
effects of hesperidin combined with cocoa on intestinal permeability merit further studies.

On the other hand, and also independently of the training, both the C10 and CH diets modified the
distribution of some lymphocyte subsets in MLNs. Thus, these diets increased the proportion of B cells at the
expense of Tap cells, and within this last subset, the proportion of Tc cells increased at the expense of Th cells.
A higher percentage of Tyd+ cells was also observed. Similar results had already been described in Lewis rats
that had been ovalbumin-sensitized orally and fed with 10% cocoa®. These findings suggest that both the C10
and CH diets enhanced the humoral immunity (B cells), intestinal cytotoxicity (Tc cells), as well as the presence
of intestinal Ty8+ cells, which are involved in the maintenance of epithelial homeostasis, barrier integrity, and
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damage repair, among other functions®!. Since the results obtained with the C10 and CH diet did not differ
between them, it can be suggested that the cocoa diet was primarily responsible for the effects. The increased
B cell proportion induced by cocoa is in line with previous studies!®¢**2, The mechanism by which a cocoa-
enriched diet leads to this increase remains unknown but it has been observed an increase in the expression of
CCL28 which can be involved in the chemotaxis of B cells to GLM*. Another feasible mechanism could involve
microbiota modulation®®4, which needs further evaluation in the present exercise model.

On the other hand, trained animals fed the CH diet showed a higher lymphoproliferative rate than those
fed the standard diet. However, this increase did not correlate with higher cytokine secretion from the same
cells. This could be due to the timing of the cell supernatants sampling after in vitro stimulation (48 h), which
may have been too long and then stabilization of the secreted cytokine levels can be achieved®. In any case, the
changes in the proliferative capacity do not align with findings from trained Wistar rats receiving hesperidin
alone (200 mg/kg body weight, 3 times per week for 5 weeks)®. The differences between the two studies could be
due to variations in the hesperidin dosage (dose and in combination with cocoa) and rat strain used.

Mucosal IgA concentration was attenuated by the C10-enriched diet, as observed in previous studies
Nevertheless, the diet containing 0.5% hesperidin alone was able to increase the intestinal IgA content!>14,
which was not observed here when hesperidin was combined with cocoa. Interestingly, both C10 and CH diets
were able to increase the IgG secretion from MLNs, particularly IgG2b and IgG2c, in sedentary, trained, and
exhausted rats. This suggests a compensatory mechanism induced by the decrease in intestinal IgA synthesis.
The increase in IgG content in MLN s also agrees with a higher percentage of B cells with these diets in sedentary,
trained, and exhausted rats, as well as a higher IgG concentration in plasma*.

In conclusion, although few intestinal changes were induced by the exercise model performed in Lewis rats,
cocoa-enriched diets enhanced some aspects of intestinal immunity, such as IgG production, and led to a higher
proportion of B, Tc, and Tyd cells in the MLNs. Further studies focused on the molecular mechanism involved
could help to better understand the impact of exercise on the immune system and its modulation by dietary
compounds.

53-55

Methods

Experimental design

The study was conducted using a previously described animal model subjected to both training and exhaustion®’.
Briefly, female Lewis rats (7 weeks old at the beginning of the study; Janvier Labs, Saint-Berthevin, France)
were used. Exercise consisted of running on a treadmill (Exer3/6, Columbus, OH, USA), uphill, at an incline
of 5 degrees. Rats were first distributed into sedentary (SED) and runner (RUN) groups with the same average
running capacity established after five familiarization sessions on the treadmill and a final exhaustion test (ET).
The ET involved 10 min of running at 18 m/min, followed by a speed increase of 3 m/min every 2 min until the
rat was exhausted, defined as touching the shock grid more than three times. Within the SED and RUN groups,
three diet groups were established: reference (REF); cocoa (C10); and cocoa combined with hesperidin (CH).

The REF diet consisted of the American Institute of Nutrition diet (AIN-93M, Envigo, Huntington, UK). The
C10 diet, as in previous studies®!, was an isoenergetic diet containing 10% defatted cocoa (Idilia Foods S.L.,
Barcelona, Spain), providing a final proportion of 3.6 g/kg of polyphenols, 6.0 g/kg of soluble fiber, and 54.0 g/
kg of insoluble fiber. The CH diet consisted of the C10 diet plus 0.5% of 2S-hesperidin (Cardiose®, HealthTech
BioActives, Murcia, Spain), due to its beneficial effect on immune function?3.

The RUN groups were fed one of the three diets (n=18 each diet) and submitted to a six-week exercise
program, consisting of an ET every Monday and Friday. During the ET, rats ran for 15 min at 70% of the
maximum speed average achieved in the previous Monday’s ET; the initial speed on the first Monday’s ET was
15 m/min. The speed was then progressively increased 3 m/min every 2 min until exhaustion. On Tuesdays,
Wednesdays, and Thursdays, rats trained for 25, 30, and 40 min, respectively, at 70% of the maximum speed
achieved in the previous Monday’s ET.

After the six-week training program, each RUN group was divided into two subgroups with the same running
capacity: One subgroup from whom samples were obtained 24 h after a regular training session (trained-T-
group); and the other from whom samples were obtained immediately after undergoing an additional final
exhaustion test (trained and exhausted—-TE-group).

The rats were maintained at the animal facility of the Diagonal Campus at the University of Barcelona
(UB) and housed in polycarbonate cages, 2-3 animals per cage, under temperature- and humidity-controlled
conditions in a 12 h light/12 h dark cycle. Throughout the study, food and water were provided ad libitum.
The animal procedure was approved by the Ethical Committee for Animal Experimentation (CEEA) of the UB
and the Catalonia Government (CEEA/UB ref. 517/18 and DAAM 10,615, respectively). Moreover, all animal
experiments were carried out in accordance with the relevant guidelines and regulations and ARRIVE guidelines.

Sample collection

At the end of the study, animals were anesthetized with a mix of ketamine (90 mg/kg, Merial Laboratories S.A.,
Barcelona, Spain) and xylazine (10 mg/kg, Bayer A.G., Leverkusen, Germany). Blood from the heart, SMG,
MLNSs, and small intestine were collected in anesthetized animals. After sample collection, the animal death was
confirmed by the permanent cessation of blood circulation. To collect GW, the duodenum was removed, and
then, the small intestine was folded in half and cut into two equally long segments. The distal part was used to
obtain the GW as described®®. Lymphocytes from MLNs were isolated immediately after collection as described
before®®. Homogenates from the SMG and a part of the MLNs were obtained to measure IgA concentration.
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Intestinal permeability assay

The concentration of alAT in the GW was quantified as a marker of intestinal permeability and intestinal
inflammation?!. The quantification was performed using the ELISA kit for rat alAT (Cloud-CloneCorp.,
Houston, TX, USA) following the manufacturer’s instructions as previously described**. Results are expressed as
ng of al AT per gram of intestinal tissue used for GW obtention.

Phenotypic analysis of MLNs lymphocytes

MLNSs lymphocytes were isolated and extracellularly stained as previously reported**. Briefly, fluorochrome-
conjugated anti-rat mAb directed against TCRaf, TCRyS, CD45RA, CD161a, CD4, CD8p, CD25, CD62L (BD
Biosciences) were used. Cells were incubated with saturating amounts of mAb in phosphate-buffered saline (PBS)
containing 2% fetal bovine serum (FBS) and 0.1% sodium azide. Cells were fixed with 0.5% p-formaldehyde
and stored (darkness, 4 °C) until analysis using a Gallios Cytometer (Beckman Coulter, Miami, USA) in the
Flow Cytometry Unit of the Scientific and Technological Centers of the University of Barcelona (CCiT-UB) and
Flowjo v10 software (Tree Star, Inc., Ashland, OR, USA), following the gating strategy schematically represented
in Figure S1.

Proliferative ability of MLNs lymphocytes

MLNs lymphocytes (5 x 10° cells/well) were incubated in quadruplicate in 96-well plates (TPP, Sigma-Aldrich,
Madrid, Spain) and stimulated with ConA (5 pg/mL, Sigma-Aldrich). Non-stimulated cells were also cultured
in the same conditions. Supernatants were collected 48 h later and T cell proliferative ability was assessed using
a BrdU Cell Proliferation Assay Kit (Roche, Madrid, Spain), according to the manufacturer’s instructions. The
proliferation rate was calculated by dividing the absorbance of the stimulated cells by that of non-stimulated
cells.

Cytokines and immunoglobulins released from MLNs lymphocytes
The concentration of IL-2, IL-4, IL-6, IL-10, IL-17, IFN-y, and TNF-a in the supernatants from ConA-stimulated
cells were quantified using ProcartaPlex™ Multiplex Immunoassay (Affymetrix, eBioscience, San Diego, USA),
according to the manufacturer’s protocol. Data were acquired using MAGPIX Cytometer (Affymetrix) in the
CCiT-UB and analyzed by ProcartaPlex Analyst v1.0 software (Affymetrix). The relative concentration of each
cytokine was established by its mean fluorescence intensity (MFI).

The concentrations of IgM and IgG (IgG1, IgG2a, IgG2b and IgG2c) in MLNs supernatants were measured by
ProcartaPlex™ Multiplex immunoassay (Affymetrix), according to the manufacturer’s protocol.

Mucosal IgA quantification

The concentration of IgA in the GW and the MLNs homogenates, and SMG homogenates was determined by a
sandwich ELISA (Bethyl Laboratories Inc., Montgomery, USA) as previously described®’”. The concentration of
IgA in the GW was referred to the weight of the intestinal tissue used to obtain the GW, whereas the results of the
IgA in the homogenates were normalized by the total protein concentration in this sample, which was measured
using the Pierce® 660 nm Protein Assay Reagent (Thermo Fisher Scientific), following the manufacturer’s
instructions.

Statistical analysis

IBM Social Sciences Software Program (SPSS, version 26.0, Chicago, IL, USA) and Rstudio v2023.09.1 (Rstudio,
Inc.) with R version 4.3.2. (R Core Team 2021, R Foundation for Statistical Computing, Vienna, Austria) were
used to conduct the statistical analysis of the data, as previously performed*’. The normality and homoscedasticity
of the data were analyzed using the Shapiro-Wilk’s and Levene’s test, respectively. Thereafter, a two-way ANOVA
test was applied and, when significant differences appeared, Tukey’s post hoc test was carried out. Otherwise,
non-parametric aligned rank transform (ART) for non-parametric factorial ANOVA (ART-ANOVA) followed
by emmeans post hoc (Tukey-adjusted p value) were used by applying the ARTool package (ARTool: Aligned
Rank Transform for Nonparametric Factorial ANOVAs, version 0.11.0; https://cran.r-project.org/package=ART
ool), and emmeans package (Estimated Marginal Means, version 1.10.2; https://cran.r-project.org/package=em
means), respectively, for Rstudio (v2023.09.1). Significant differences were considered when p<0.05.

In the figures, the p values obtained in the two-way ANOVA or the ART-ANOVA for the variables diet (D),
exercise (E) and the interaction between them (DxE) are detailed in the legend box. Changes due to the exercise
condition or due to diet are indicated in the legend box. When the DxE interaction was significant, differences
between groups are indicated with symbols or lines with p values above the corresponding bars.

We applied a repeated-measures ANOVA to analyze changes in the maximum speed run in the exhaustion
tests throughout the study. Changes due to time are indicated with symbols above the corresponding bars.

Data availability
The datasets used and/or analysed during the current study available from the corresponding author on reason-
able request.
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