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Abstract

Objectives: This study aimed to assess the effects of voluntary exercise on type 1 diabetes
mellitus (T1D) development and splenic immunological profiles in non-obese diabetic
(NOD) mice, a spontaneous model of human T1D. Methods: Prediabetic female NOD
mice were randomly assigned to sedentary or exercise groups, with mice in the exercise
group given 10-week wheel access and sedentary mice receiving none. Late-time mice were
monitored to diabetes onset or 24 weeks of age; early-time mice were analyzed immediately
post-intervention. Blood glucose, food intake, water consumption, and body mass were
monitored weekly. At the endpoints, splenocyte counts, T and B cell subsets, and mitogen-
stimulated cytokine production were analyzed using flow cytometry. Results: Mice in
the exercise group ran an average of 20.76 &£ 0.22 km/day. By the late-time endpoint,
75% of mice in the exercise group remained non-diabetic versus 35% of sedentary mice
(p = 0.006). Mice in the exercise group demonstrated lower blood glucose (p = 0.015),
visceral fat mass (p = 0.035), and water intake (p < 0.001) but higher food intake (p = 0.001),
with no difference in body mass (p = 0.389) compared to sedentary mice. No differences
were observed in splenocyte counts or Th, Tc, Treg, or B cell populations at either time
point (p > 0.185). Early-time point cytokines also did not differ between groups (p > 0.08).
Conclusions: Voluntary exercise reduces T1D incidence and mitigates hyperglycemia
in NOD mice, suggesting a protective effect against disease progression. Despite the
benefits, physical activity did not alter splenic Tcell subsets or inflammatory cytokines,
demonstrating systemic immunomodulation may not be the primary driver of benefit.
Our results indicate that voluntary exercise protects against T1D through tissue-specific or
metabolic mechanisms, which warrant further mechanistic investigation.
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1. Introduction

Type 1 diabetes mellites (T1D) is a chronic autoimmune disease marked by the selective
destruction of pancreatic 3-cells by autoreactive T lymphocytes, ultimately leading to
absolute insulin deficiency and persistent hyperglycemia. Beyond glycemic control, T1D
has systemic consequences including impaired skeletal muscle regeneration, altered energy
metabolism, and increased cardiovascular risk [1-3]. The global incidence of T1D has
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been increasing steadily with environmental and genetic factors, both implicated in T1D
pathogenesis [4,5]. Despite advancements in understanding the etiology of T1D, effective
strategies to prevent or delay disease progression remain limited. Recent studies have
begun to explore how modifiable lifestyle factors, such as physical activity, may exert
immunomodulatory effects capable of influencing the course of autoimmune diabetes.

Regular physical activity is widely recognized as a cornerstone of diabetes manage-
ment due to its beneficial effects on glucose uptake, insulin sensitivity, body composition,
and inflammation [6-9]. Emerging research highlights the beneficial role of exercise in
modulating immune responses in individuals with T1D. Physical activity has been shown
to reduce systemic inflammation, improve glycemic control, and preserve (3-cell func-
tion, particularly when initiated early in the disease course [6,10]. Several studies have
demonstrated exercise-induced shifts in cytokine profiles toward an anti-inflammatory
state, along with mobilization of innate and adaptive immune cells [11-13]. Notably, a
single bout of vigorous exercise have been shown to mobilize highly differentiated CD8+ T
cells and natural killer cells, although these responses appear blunted in individuals with
T1D compared to healthy controls [12]. This attenuated mobilization may reflect altered
immune cell trafficking or underlying metabolic disturbances unique to T1D. Furthermore,
muscle-residing regulatory T cells (Tregs), which are essential for tissue repair and immune
regulation, appear responsive to exercise-induced signals and may play a protective role
in modulating autoimmunity [13]. Despite these advances, the direct effect of exercise on
T cell subpopulations, particularly islet-reactive and regulatory T cells, remains poorly
understood. Clarifying how different exercise modalities influence T cell phenotypes,
activation status, and migratory patterns is essential for understanding the immunomod-
ulatory potential of physical activity in T1D and for developing targeted exercise-based
interventions aimed at altering disease trajectory.

The non-obese diabetic (NOD) mouse model has been instrumental in unraveling
the immunopathology of T1D, as it closely mimics human disease progression, includ-
ing the gradual autoimmune infiltration of pancreatic islets [14,15]. If physical activity
lowers hyperglycemia by preserving pancreatic 3-cell function through the reduction in
inflammatory cytokines or attenuation of T lymphocyte-mediated attack, this would rep-
resent a favorable therapeutic mechanism. However, the extent to which exercise exerts
immunomodulatory effects in experimental T1D mice is not clear. Also, the extent to which
physical activity affects immunological cytokines regardless of glycemic levels has not been
thoroughly investigated. Thus, to better elucidate the immunomodulatory properties of
physical activity, this study was designed to test the hypotheses that voluntary exercise will
(1) delay the T1D progression, (2) modulate splenic T cell differentiation and inflammatory
cytokines, and (3) lower glycemia compare to the sedentary controls.

2. Materials and Methods
2.1. Animals and Ethical Approvals

All experimental protocols and animal care procedures were approved by the In-
stitutional Animal Care and Use Committee at St. Cloud State University (IACUC
protocol #5-146) and complied with the NIH guidelines regarding the use of animals. We
selected female NOD/ShiLt] mice for this study because they exhibit a high and predictable
T1D incidence (60-85%) between 12 and 24 weeks of age [16,17], providing early-onset,
reproducible, and statistically robust disease progression essential for controlled investi-
gations of autoimmune diabetes. Female NOD/ShilLt] mice (1 = 64) were obtained from
Jackson Laboratories (Bar Harbor, ME, USA), bred on-site and used at 5-9 weeks of age.
Mice were housed in groups of four to five and had access to rodent chow (AIN-93G, Re-
search Diets, Inc., New Brunswick, NJ, USA) and water ad libitum. The housing room was
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maintained on a 14:10 h light:dark cycle with controlled temperature and humidity. Weekly
water consumption and food intake were measured, and body mass was determined on
a weekly basis starting at the first week of exercise and continuing throughout the entire
experimental period until the endpoint.

2.2. Study 1 (Late-Time NOD)

Forty prediabetic female NOD mice (age 6.2 £ 0.3 weeks) were randomly assigned
to sedentary (LSED; n = 17) or exercise (LEXE; n = 20) groups. Three sedentary mice died
unexpectedly before scheduled hyperglycemia assessment and confirmation of diabetes
onset (>250 mg/dL on two consecutive readings). As they did not meet predefined
inclusion criteria, these mice were excluded from outcome analyses. The final sample
sizes used for statistical comparisons reflect only animals that survived to diabetes onset
assessments, ensuring transparency and reproducibility of data analysis. Mice underwent
10 weeks of voluntary wheel running or remained sedentary individually, then were group-
housed and monitored until 24 weeks of age or diabetes onset, whichever occurred first
(Figure 1). At the endpoint, mice were euthanized via CO; asphyxiation and visceral fat
mass was recorded. Spleens were collected for analysis of spleen mass, total splenocyte
count, cell viability, major immune cell populations (T and B cells), and T cell subsets (Th,
Tc, and Treg).

Exercise group

Sedentary group

1 1 1 [ 1
T T T T T T T T T T >
1 2 3 4 5 6 7 8 9 10

Acclimation Training starts Training ends /
Group house

Week

Figure 1. Exercise group mice were individually housed with running wheels, while sedentary mice
were individually housed without wheels. After a one-week acclimation to single housing, mice
underwent 10 weeks of voluntary running or sedentary conditions. Following training, exercised
and sedentary mice were group-housed in standard cages until the experimental endpoints.

2.3. Study 2 (Early-Time NOD)

A subset of 24 prediabetic female NOD mice (age 5.9 + 0.3 weeks) was analyzed
early to assess exercise effects before diabetes onset. Mice were randomly assigned to
sedentary (ESED; n = 12) or exercise (EEXE; n = 11) groups. One mouse in the exercise
group developed hyperglycemia (>250 mg/dL on two consecutive measurements) during
the training period. Because the study targeted prediabetic NOD mice, animals meeting
diabetes criteria were prospectively excluded. This mouse was removed from subsequent
analyses, and statistical comparisons were performed using only normoglycemic mice. The
exercise group underwent 10 weeks of voluntary wheel running, while sedentary mice
were individually housed without wheels. This cohort aimed to determine whether exercise
modulates immune function during the prediabetic stage, and all mice in both groups were
confirmed to be in prediabetic condition based on blood glucose measurements taken at
the study endpoint. After 10 weeks, mice were euthanized for ex vivo analyses identical to
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Study 1, with additional assessment of cytokine profiles (IL-2, IL-4, IL-6, IL-17A, IFN-y,
TNF-«, IL-10) in mitogen-stimulated T cells.

2.4. Voluntary Wheel Running

Exercise group mice were individually housed in wheel-running cages (Model 80820,
Lafayette Instrument Co., Lafayette, IN, USA) equipped with 12.7 cm diameter wheels,
5.72 cm width, and 38-rod running surfaces. Revolutions were recorded via an optical
sensor using Activity Wheel Monitor Software (Model 86065, Lafayette Instrument Co.).
Wheels were calibrated weekly with 1 g resistance brakes (Model 86070-B1, Lafayette
Instrument Co.) to ensure consistent resistance across mice [18,19]. Sedentary mice were
individually housed in standard cages without wheels. All mice underwent a one-week
acclimation to individual housing before the 10-week voluntary running period to mitigate
stress-related confounders. After 10 weeks, all mice were group-housed in regular cages
until the experimental endpoint (Figure 1).

2.5. Blood Glucose Determination

Blood glucose levels were measured weekly from 12 to 24 weeks of age in exercise
group and sedentary mice, as described previously [16,20]. Baseline levels were taken be-
fore the 10-week training period, and monitoring continued until diabetes onset or 24 weeks
of age. Mice were restrained in a restrainer (Braintree Sci., Braintree, MA, USA), and blood
was collected from the lateral tail vein using a 26G x 5/8” needle. A 0.6 uL sample was ana-
lyzed with an Accu-Check Aviva glucose meter (Roche Diagnostics, Indianapolis, IN, USA).
Diabetes was defined as two consecutive glucose readings > 250 mg/dL, with the first read-
ing considered diagnostic.

2.6. Relationship Between Blood Glucose and Running Distance

Correlation analysis was performed to determine whether voluntary running distance
was associated with glycemic outcomes in exercise group NOD mice at the endpoint. To
further evaluate exercise exposure in relation to T1D disease progression, we additionally
analyzed the relationship between individual average running distance and blood glucose
at diabetes onset (Study 1).

2.7. Ex Vivo Immunological Analysis and Single Cell Suspension Preparation

Mice were continuously monitored until they became diabetic or reached 24 weeks of
age, whichever occurred first in Study 1 or until completion of 10-week wheel running in
Study 2. At the endpoints, mice were euthanized and spleens were aseptically harvested
and weighed. Spleen mass was used to calculate the spleen index (spleen mass/body mass)
as an indicator of relative spleen size.

Single cell suspensions of isolated spleens were done as described by Cetkovic-Cvrlje
et al. [16,21]. In brief, a spleen was forced through a 70 mm nylon mesh strainer (BD
Falcon, San Jose, CA, USA); the resulting suspension was then treated with ACK Lysis
Buffer (NH4C18.29 g/L, KHCO3 1.0 g/L, EDTA Na, 2H,0 0.0375 g/L; Lonza BioWhittaker,
Rockville, MD, USA) to remove erythrocytes and washed three times using phosphate-
buffered saline (PBS, pH 7.5). Total splenocyte counts were determined using a hemocy-
tometer, and cell viability was assessed by trypan blue exclusion.

2.8. Immunophenotyping

Immunophenotyping was performed as previously described [22,23]. Briefly, af-
ter counting, splenic single cell suspensions were aliquoted into labeled tubes contain-
ing 1 mL of FACS buffer (1x PBS, 0.1% sodium azide, 1% fetal calf serum) and cen-
trifuged at 1200 rpm for 5 min at 4 °C. Cell pellets were resuspended in FACS buffer
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and stained with fluorochrome-conjugated monoclonal antibodies (1:100 dilution) to label
surface markers for immune cell identification. The antibodies utilized were: peridinin
chlorophyll-a protein (PerCP)-conjugated anti-CD4 (clone RM4-5), fluorescein isothio-
cyanate (FITC)-conjugated anti-CD8 (clone 53-6.7), allophycocyanin (APC)-conjugated
anti-CD25 (clone 3C7), phycoerythrin (PE)-conjugated anti-CD3 (clone 145-2C11), and
APC-conjugated anti-CD45R /B220 (clone RA3-6B2) (all from BD Biosciences). Obtained
on the gated lymphocyte population, specific CD markers were used to identify T (CD3+),
Th (CD4+), Tc (CD8+), Treg (CD4+CD25+), and B cells (CD45R/B220+), respectively. Sam-
ples were vortexed, protected from light, and incubated for 45 min in the dark. After
washing three times with FACS buffer, cells were resuspended in 500 uL of FACS buffer,
kept on ice, and analyzed using an BD Accuri™ C6 Plus flow cytometer (BD Biosciences,
Franklin Lakes, NJ, USA). Data were analyzed with BD Accuri™ C6 Plus software and
exported to Excel for further statistical and graphical analysis. Specific regions were
marked, followed by setting the gates and quadrants during data analysis. A minimum of
10,000 cells in each sample were assessed.

2.9. Splenic T Cell Stimulation and Cytokine Analysis

Splenic T cell stimulation and cytokine analysis were performed as described previ-
ously [24,25]. Splenocytes were plated at 4 x 10° cells per well (500 pL) in duplicate wells
of a 24-well plate containing complete RPMI-1640 medium supplemented with penicillin,
streptomycin, and 10% FBS. Cultures were incubated for 48 h at 37 °C in 5% CO,, and
stimulated with Concanavalin A (ConA, 3 mg/mL; Sigma-Aldrich, St. Louis, MO, USA) to
induce T cell activation. After incubation, plates were centrifuged at 1200 rpm for 10 min at
4 °C, and supernatants were collected and stored at —80 °C for cytokine analysis. Cytokine
concentrations were quantified using the Cytometric Bead Array Mouse Th1/Th2/Th17
Cytokine Kit (BD Biosciences), measuring IL-2, IL-4, IL-6, IL-10, IL-17A, IFN-y, and TNF-«.
For each sample, 50 pL of supernatant was incubated with cytokine-specific capture beads
and PE-conjugated detection reagents for 2 h at 20 °C, protected from light. Serial 1:2-1:256
dilutions of standard cytokines were used to generate standard curves for quantification.
Samples were acquired on an Accuri C6 Plus flow cytometer and analyzed with FCAP
Array v3.0 software (BD Biosciences).

2.10. Statistical Analyses

To analyze the effects of intervention (sedentary vs. exercise) and time (weeks 1-10)
on water consumption, food intake, body mass, and glycemia level, repeated measures of
Two-Way ANOVAs were performed. When main effects or interactions were significant
(p < 0.05), Holm-Sidak post hoc tests were performed to determine which combinations of
conditions were different from one another. Diabetes incidence was assessed using survival
analysis. Visceral fat mass, spleen index, cell counts, cell viability, immunophenotyping,
and cytokine profile were analyzed using a two-tailed unpaired Student’s ¢-test. Statistical
analyses were carried out using GraphPad Prism version 10.6 (Boston, MA, USA). For all
tests, a significant threshold of & = 0.05 was applied to determine statistically significant
differences between groups. Results were reported as means + standard error mean
(Means + SEM).

3. Results
3.1. Physical Activity and Visceral Fat Mass

Within 10 weeks of voluntary exercise training in Study 1, exercise group mice ran
20.76 £ 0.22 km/day. Visceral fat mass was greater in sedentary controls compared to exer-
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cise group mice (262.8 & 23.9 vs. 188.0 & 24.0 mg, p = 0.035), indicating voluntary exercise
reduces visceral adiposity linked to inflammation and insulin resistance in female mice.

3.2. T1D Incidence

In Study 1, voluntary exercise was associated with a delayed onset and reduced inci-
dence of T1D in female NOD mice compared to sedentary controls (p = 0.006; Figure 2).
Overall, at the end of the experimental period (24 weeks of age), 15 of 20 (75%) exer-
cised mice remained non-diabetic, whereas only 6 of 17 (35.3%) sedentary mice remained
non-diabetic. Diabetes onset was also delayed in the exercise group, with the first case
appearing at 17 weeks of age compared to 14 weeks in sedentary mice. By 19 weeks of age,
50% of sedentary mice had developed diabetes, while the exercise group mice only reached
25% incidence by 24 weeks, demonstrating that voluntary physical activity confers a sig-
nificant protective effect against T1D onset in NOD mice. Consistent with these findings,
survival analysis yielded a hazard ratio of 0.386 for the exercise group relative to sedentary
controls, indicating a 38.6% reduced instantaneous risk of developing diabetes over time in

exercising mice.
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Figure 2. Voluntary exercise reduced diabetes incidence and delayed onset in female NOD mice. By
24 weeks of age, 75% of exercised mice remained non-diabetic versus 35.3% of sedentary controls
(p = 0.006). Diabetes onset occurred later in exercised mice (17 weeks) than sedentary mice (14 weeks).
By 19 weeks of age, 50% of sedentary mice were diabetic, while exercised mice reached only 25% in-
cidence by 24 weeks, indicating a protective effect of physical activity. LEXE: Late-time exercise
group mice (n = 20); LSED: late-time sedentary mice (n = 17). Diabetes incidence was assessed using

survival analysis. ** p < 0.01.

3.3. Glycemic Profiles

Throughout the observation period in Study 1, the exercised group demonstrated
lower average blood glucose levels compared to sedentary controls (p = 0.015; Figure 3).
Weekly monitoring from 8 to 24 weeks of age revealed that voluntary exercise effectively
attenuated the rise in blood glucose over time. At 12 weeks of age, both groups had
comparable baseline glucose levels (108.0 £ 4.6 mg/dL in exercise vs. 115.2 £ 11.3 mg/dL
in sedentary mice; p > 0.999). However, by 19 weeks of age, exercised mice maintained lower
glucose levels (191.7 £ 37.3 mg/dL) compared to sedentary mice (349.8 + 50.3 mg/dL;
p = 0.009), and this difference became more pronounced by 24 weeks (228.3 £ 39.3 mg/dL
vs. 389.9 + 48.9 mg/dL, respectively; p = 0.006). These results illustrate that voluntary
physical activity helps maintain better glycemic control and delays the progression of

hyperglycemia in NOD mice.
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Figure 3. Voluntary exercise reduced blood glucose levels in NOD mice throughout Study 1. Exercised
mice showed lower average glucose than sedentary controls (p = 0.015). Although baseline levels at
12 weeks were similar (p > 0.999), exercised mice maintained lower glucose starting from 19 weeks
and thereafter (p < 0.019), indicating delayed hyperglycemia progression. LEXE: late-time exercise
group mice (n = 20); LSED: late-time sedentary mice (1 = 17). Results were analyzed using a repeated
measure of Two-Way ANOVA (intervention X time). * p < 0.05, ** p < 0.01.

3.4. Correlation Between Glycemic Profiles and Running Distances

In Study 1, linear regression of endpoint non-fasting blood glucose values against daily
running distance revealed a significant negative association in late-time exercise group
NOD mice (Pearson’s r = —0.7117; R? = 0.5066, p < 0.001), indicating that greater voluntary
running activity was associated with lower contemporaneous glucose concentrations at
disease onset. Furthermore, analysis of individual average running distance versus blood
glucose at diabetes onset demonstrated a strong predictive dose-response relationship
between cumulative exercise exposure and glycemia at onset (Figure 4).

Pearson correlation = -0.7117

R2 = 0.5066
600 . .
j .
©
>
E 400}
O
[7)]
(@)
[&]
=)
> 200}
©
(@)
(@)
)
0 1 1 1 1
10 15 20 25 30

Running distance (km/day)

Figure 4. Scatter plot showing relationships between glucose level and daily running distance in
late-time exercise group NOD mice (Study 1). Linear regression revealed a significant negative
association (Pearson’s r = —0.7117; R? = 0.5066, p < 0.001). Individual average running distance and
blood glucose at diabetes onset analysis revealed a strong predictive relationship between running
activity and glycemia at onset. Each plot indicates one mouse. LEXE: Late-time exercise group mice
(n =20).
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3.5. Weekly Food Intake, Water Consumption, and Body Mass

In Study 1, food intake was higher in exercise group mice compared to sedentary
controls (30.3 & 0.4 vs. 26.6 £ 0.6 g/week, p = 0.001; Figure 5A), indicating increased
energy demands associated with physical activity. Water consumption was lower in
exercise group mice compared to sedentary controls (36.3 &= 1.3 vs. 59.2 & 8.9 mL/week,
p < 0.001; Figure 5B), suggesting that physical activity may delay the onset of T1D during
the prediabetic stage, as polydipsia is a key early indicator of disease progression. All
mice gained weight over the course of the study in a time-dependent manner (Figure 5C).
However, no difference in body mass was observed between exercise and sedentary groups
at all time points (23.9 & 0.3 vs. 22.7 + 0.3 g, p = 0.389), suggesting that voluntary exercise
did not attenuate weight gain.
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Figure 5. Exercise group mice consumed more food than sedentary controls (p = 0.0014; (A)), reflecting
increased energy demands. Water intake was lower in exercise group mice (p < 0.001; (B)), consistent
with delayed prediabetic polydipsia. All mice gained weight over time (C), but body mass did not
differ between groups at multiple time points, including the endpoint (p = 0.389). LEXE: Late-time
exercise group mice (n = 20); LSED: late-time sedentary mice (1 = 17). Results were analyzed using a
repeated measure of Two-Way ANOVA (intervention X time). * p < 0.05, *** p < 0.001, **** p < 0.0001.
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3.6. Spleen Mass, Spleen Index, Total Count of Splenocytes, and Cell Viability

Ex vivo analysis of immunological parameters in late-time mice (Study 1) revealed
no differences between exercise and sedentary NOD mice. Spleens were dissected and
weighed, showing comparable spleen mass between the two groups (91.2 & 3.7 mg vs.
89.6 = 2.7 mg; p = 0.735; Figure 6A). Similarly, the spleen index (spleen mass/body mass)
did not differ within groups (4.0 = 0.2 vs. 3.8 £ 0.1 mg/g; p = 0.210; Figure 6B). Single
cell suspensions prepared from spleens were used to assess total splenocyte counts and
cell viability. No differences were observed in total splenocyte numbers (47.4 & 3.6 vs.
51.6 4+ 5.8 x 10° cells; p = 0.547; Figure 6C) or in cell viability (87.2 4= 2.9% vs. 89.6 + 1.2%;
p = 0.460; Figure 6D).
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Figure 6. Ex vivo immunological parameters in exercise vs. sedentary late-time NOD mice (Study 1).
Spleen mass (p = 0.735) and spleen index (p = 0.210) were comparable between groups (A,B). Total
splenocyte counts (p = 0.547) and cell viability (p = 0.460) also showed no differences (C,D), indicating
that voluntary exercise did not alter these systemic immune measures. LSED: Late-time sedentary
mice (n = 13); LEXE: late-time exercise group mice (n = 15). Results were analyzed using a two-tailed
unpaired Student’s f-test; ns, no significance.

Likewise, in early-time mice (Study 2), no differences were observed between ex-
ercise and sedentary NOD mice in any spleen parameters. Spleen mass (77.0 £ 1.8 vs.
74.8 = 1.7 mg; p = 0.092) and spleen index (3.3 £ 0.1 vs. 3.3 = 0.1 mg/g; p = 0.662) were com-
parable between groups (Supplemental Figure S1A,B). Similarly, total splenocyte counts
(44.9 4 4.2 vs. 43.9 4 4.6 x10° cells; p = 0.885) and cell viability (90.4 4 1.5 vs. 89.6 + 1.3%;
p = 0.696) showed no significance (Supplemental Figure S1C,D). These results suggest that
voluntary exercise did not alter spleen mass or overall splenocyte yield and viability in
NOD mice regardless of disease stage.
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3.7. Immunophenotyping of Splenocytes

Representative flow cytometry dot plots of splenocytes from exercise and sedentary late-
time NOD mice demonstrated major immune cell subpopulations (Supplemental Figure S2).
Despite the significance observed in glycemic levels and diabetes incidence in late-time
mice (Study 1), immunophenotyping of splenocytes revealed no differences in the major
immune cell populations between exercise and sedentary NOD mice. The percentages
of total T cells (48.9 &+ 2.1 vs. 51.2 £ 2.0%; p = 0.423), B cells (36.8 & 1.7 vs. 33.8 + 2.1%;
p =0.278), helper T cells (Th; 36.5 + 1.2 vs. 36.6 £ 1.5%; p = 0.967), cytotoxic T cells (Tc;
14.0 £ 0.6 vs. 14.6 £ 0.6%; p = 0.484), and regulatory T cells (Ireg; 6.4 £ 0.8 vs. 6.4 £ 1.2%;
p = 0.978) were similar between exercise and sedentary groups (Figure 7A-E). Additionally,
no differences were observed in absolute lymphocyte numbers in each subpopulation
(Table 1) or in the Treg to Tc ratio (Table 1) between exercise and sedentary NOD mice. This
data reveals that voluntary exercise did not alter the overall composition of major splenic
immune cell subsets in experimental T1D mice.
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Figure 7. Immunophenotyping of splenocytes from exercise and sedentary late-time NOD mice
revealed no differences in major immune cell subpopulations (Study 1). (A) Percentages of total T
cells (p = 0.423), (C) helper T cells (p = 0.185), (D) cytotoxic T cells (p = 0.821), (E) regulatory T cells
(p = 0.608), and (B) total B cells (p = 0.278) were comparable between groups. These findings indicate
that voluntary exercise did not alter the overall composition of major splenic immune cell subsets in
experimental T1D mice. LSED: Late-time sedentary mice (n = 13); LEXE: late-time exercise group
mice (1 = 15). Results were analyzed using a two-tailed unpaired Student’s t-test; ns, no significance.

Similarly, in early-time mice (Study 2), no differences were observed between the exer-
cise and sedentary group NOD mice in the distribution of major splenic immune cell popu-
lations. The percentages of total T cells (48.1 &= 2.2 vs. 51.1 & 2.9%; p = 0.410), helper T cells
(Th; 37.2 £1.9 vs. 36.5 £ 2.1%; p = 0.806), cytotoxic T cells (Tc; 13.9 & 0.5 vs. 14.8 £ 0.6%;
p = 0.307), regulatory T cells (Treg; 4.7 £ 0.3 vs. 5.0 £ 0.4%; p = 0.727), and B cells (35.0 += 1.9
vs. 34.1 £ 1.9%; p = 0.729) were similar between groups (Supplemental Figure S3A-E).
These findings illustrate that voluntary exercise did not affect the composition of major
splenic immune cell subsets in prediabetic NOD mice.
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Table 1. Comparison of absolute numbers of splenic lymphocyte subsets and ratios of regulatory
T cells vs. cytotoxic T cells (Treg/Tc) in late-time NOD (Study 1).

Lymphocytes LSED LEXE p Value
Total T cells (x 10°) 239+17 258 £3.3 0.623
Helper T cells (Th; x10°) 8.8+0.7 9.7+14 0.568
Cytotoxic T cells (Tc; x 100) 71+£0.6 75+1.0 0.691
Regulatory T cells (Treg; x10°) 27+£03 31+04 0.522
B cells (x10°) 156 £1.2 187 £21 0.211
Treg/Tc ratio 0.46 + 0.09 0.47 + 0.06 0.909

Results were reported as mean + SEM. LSED: Late-time sedentary mice (1 = 13); LEXE: late-time exercise group
mice (1 = 15). Results were analyzed using a two-tailed unpaired Student’s ¢-test.

3.8. Cytokine Profiles

In early-time mice (Study 2), cytokine analysis of ConA-stimulated splenocyte cul-
tures revealed no differences in cytokine production between exercise and sedentary
groups. Concentrations of IL-2 (61.4 + 37.2 vs. 49.3 + 19.1 pg/mL; p = 0.776), IL-4
(1.6 £0.8 vs. 79 +£3.2pg/mL; p = 0.080), IL-6 (125.2 £ 46.8 vs. 92.0 + 20.4 pg/mL;
p =0.525), IL-10 (243.9 & 34.6 vs. 267.5 £ 28.9 pg/mL; p = 0.606), IL-17A (85.5 £ 5.1 vs.
94.1 £7.9 pg/mL; p = 0.372), TNF-o (807.0 £ 69.9 vs. 729.2 + 87.4 pg/mL; p = 0.494), and
IFN-y (1054.3 4= 198.6 vs. 1343.0 £ 330.5 pg/mL; p = 0.464) were comparable between
exercise and sedentary group mice (Figure 8A-G). These outcomes indicate that volun-
tary exercise did not alter Th1, Th2, or Th17 cytokine profiles in early-stage prediabetic
experimental NOD mice. However, given the relatively large variance observed in several
cytokines, the study may have been underpowered to detect small-to-moderate effect sizes,
and thus subtle immunomodulatory differences cannot be fully excluded.
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Figure 8. Cytokine production by ConA-stimulated splenocytes in early-time NOD showed no
differences between exercise and sedentary group mice (Study 2). Levels of (A) IL-2 (p = 0.776),
(B) IL-4 (p = 0.080), (C) IL-6 (p = 0.525), (D) IL-10 (p = 0.606), (E) IL-17A (p = 0.372), (F) TNF-x
(p = 0.494), and (G) IFN-y (p = 0.464) were comparable between groups. These results indicate that
voluntary exercise did not alter Th1, Th2, or Th17 cytokine responses in early-stage experimental T1D.
ESED: Early-time sedentary mice (n = 12); EEXE: early-time exercise group mice (1 = 11). Results
were analyzed using a two-tailed unpaired Student’s t-test; ns, no significance.
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4. Discussion

Our results support our hypothesis that voluntary exercise (1) delays the onset of
hyperglycemia resulting from pancreatic (3-cell loss and (2) slows the progression of T1D
compared to sedentary controls. Consistent with this prediction, voluntary exercise de-
layed diabetes onset and reduced disease incidence in NOD mice, while also lowering
glycemia levels throughout the study period. Exercised mice maintained lower average
blood glucose levels and showed a slower rise in glycemia compared to sedentary mice,
indicating preserved [3-cell function and delayed autoimmune destruction. These findings
demonstrate that physical activity alone serves as an independent protective factor against
T1D progression in this model. Furthermore, our findings align with both clinical and pre-
clinical evidence showing that structured aerobic or combined resistance—aerobic exercise
enhances glycemic regulation and metabolic stability in individuals with T1D [26-29].

A primary objective and innovation of our study was to evaluate whether voluntary
exercise modulates splenic immunomodulatory capacity in experimental T1D. Contrary
to reports describing exercise-driven shifts in inflammatory cytokines and immune mark-
ers [30,31], we detected no differences in splenic T cell subsets or cytokine profiles between
exercise and sedentary group NOD mice, indicating that in this context exercise exerts
limited systemic immune modulation. This aligns with studies showing that while exercise
can elevate adaptive stress response mediators such as VEGF and HIF-1x, downstream
cytokine and immune progenitor responses in autoimmune diabetes are subtle and vari-
able [28,32]. Moreover, the presence of mild diabetic myopathy may limit skeletal muscle
adaptation to exercise and contribute to the heterogeneity of immune and metabolic re-
sponses [33]. Together, these results support emerging evidence that the benefits of physical
activity in T1D arise predominantly from tissue-specific or metabolic adaptations rather
than broad changes in immune cell composition, which highlights the importance of further
mechanistic exploration into how physical activity influences autoimmunity and splenic
immune cell regulation.

We evaluated whether physical activity influences splenic immunoregulation in T1D
by assessing splenic T cell-associated cytokine expression. Voluntary exercise did not alter
splenic levels of pro- or anti-inflammatory cytokines, including IL-10, IL-4, IL-17A, TNF-«,
IL-6, IFN-y, and IL-2, nor did it modify major CD4+ or CD8+ T cell subsets, indicating
minimal immunomodulatory impact. These data align with previous studies [27,34],
suggesting that physical activity exerts inconsistent or subtle immune effects in models
of diabetes. In rodent studies, exercise has been shown to partially restore impaired
natural killer T cell activity and reverse zinc transporter suppression in the spleen and
thymus of streptozotocin-induced diabetic animals [35], whereas other reports describe
significant oxidative stress associated with acute exercise that is mitigated by melatonin [36].
Additionally, experimental work in islet-transplanted animals demonstrates that glucose
homeostasis and insulin regulation during exercise are largely preserved irrespective of
graft site, suggesting that systemic metabolic benefits may be more prominent than immune
modulation [37,38]. Together, these observations support the conclusion that, in the setting
of ongoing (-cell autoimmunity, the capacity of voluntary exercise to broadly remodel
splenic T cell populations or cytokine signaling is limited, and exercise-derived benefits
may occur through metabolic, oxidative, or tissue-specific pathways rather than through
robust modification of splenic immune profiles.

Previous studies have suggested that physical activity, particularly structured
moderate-intensity training, may promote a shift in the immune profile toward a more anti-
inflammatory state [29,39]. Codella et al. reported no significant differences in the cytokines
examined despite a trend toward reduced proinflammatory markers such as IL-6 and CCL4
with treadmill training [39]. Similarly, Oharomari et al. observed no changes in serum IL-6
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or TNF-« levels, even though exercise reduced insulitis in NOD mice [29]. Additionally, the
stress-buffering effects of exercise may help normalize glutamine metabolism and reduce
sympathetic activation of Th1-dominant pathways, theoretically allowing a shift toward
Th2 cytokines and increased antioxidant defenses via glutathione synthesis [40]. However,
our data using a voluntary wheel-running paradigm suggests that, in the absence of exter-
nally imposed exercise intensity or duration, this form of physical activity is insufficient to
provoke measurable changes in splenic T cell cytokine production during the progression
of T1D.

Our results of no difference in IL-6 levels between exercise and sedentary mice may be
explained by the context-dependent nature of IL-6 expression and action during physical ac-
tivity. IL-6 is known to be acutely upregulated in skeletal muscle in response to contraction,
where it functions locally to promote glucose uptake and fatty acid oxidation through acti-
vation of pathways such as AMP-activated protein kinase (AMPK) and enhanced glucose
transporter protein type-4 (GLUT4) expression [41-43]. However, this transient increase
in IL-6 during muscle contraction may not be captured at resting time points, particularly
in chronic exercise studies where systemic IL-6 levels can return to baseline rapidly after
cessation of activity [44]. Additionally, the metabolic effects of IL-6 may depend on interac-
tion with other exercise-induced factors, which may be absent or diminished at rest. Thus,
our observed lack of difference in IL-6 levels may reflect the timing of sample collection
relative to exercise sessions, rather than an absence of IL-6-mediated metabolic adaptation.

During exercise, skeletal muscle contractions acutely stimulate the production of
both pro- and anti-inflammatory cytokines to support metabolic demands and maintain
immune balance [45,46]. However, many of these cytokine changes, particularly the anti-
inflammatory effects mediated by IL-10 and IL-4, and the controlled expression of TNF-«,
are tightly regulated and may return to baseline shortly after exercise ends [47,48]. Thus, if
tissue or serum samples were collected at rest, rather than immediately post-exercise, these
dynamic fluctuations may not be detected. Furthermore, the anti-inflammatory cytokine re-
sponse to exercise, including the suppression of TNF-, is thought to be partially mediated
by IL-6 and its downstream signaling, which also relies on acute muscle contraction [49].
Our results may therefore reflect a limitation in sampling timing and highlight the impor-
tance of capturing cytokine expression at or near the time of muscle activity to fully assess
exercise-induced immunomodulation.

Our study is limited by its focus on splenic immune composition, which does not nec-
essarily reflect functional activation status, antigen specificity, trafficking behavior, or tissue
residency. We did not directly assess immune cell composition, cytokine profiles, or activa-
tion states within pancreatic islets or pancreatic lymph nodes—key sites of autoimmune
initiation and insulitis—nor did we evaluate insulitis severity, as the primary objective
was to examine systemic and splenic immune responses to voluntary exercise rather than
pancreatic histopathology. Therefore, the absence of detectable splenic alterations does not
exclude localized immune modulation at disease-relevant tissues. Future studies should
incorporate insulitis grading and tissue-specific immune profiling to determine whether
exercise alters pancreatic immune infiltration. In addition, antigenic triggers derived from
the pancreas, including misfolded insulin, are known to induce the autoimmune cascades
in NOD mice [50,51], and exercise may attenuate this response by lessening pancreatic beta
cell stress [29,52]. Exercise may also regulate the activation status of specific T cell and B
cell subpopulations and thereby modulate their corresponding cytokine production [53,54].
Moreover, assessment of 3-cell mass preservation, glucose-stimulated insulin secretion,
[3-cell stress markers, and peripheral insulin sensitivity will be necessary to clarify whether
exercise-mediated protection reflects intrinsic (3-cell preservation, improved metabolic
resilience, altered systemic insulin dynamics, or tissue-specific immune regulation.
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In conclusion, voluntary exercise reduces T1D incidence and mitigates hyperglycemia
in experimental diabetic mice, suggesting a protective effect against disease progression.
However, physical activity did not alter splenic CD4+ or CD8+ T cell subsets or associated
cytokines, indicating that its benefits occur independently of systemic immunomodulation.
These results suggest that voluntary exercise protects against T1D through tissue-specific
or metabolic effects rather than broad immune remodeling. Future studies should de-
termine whether exercise-mediated protection involves pancreatic immune modulation,
enhanced [3-cell resilience, or systemic metabolic adaptations contributing to reduced type 1
diabetes incidence.

Supplementary Materials: The following supporting information can be downloaded at https:
/ /www.mdpi.com/article/10.3390/diabetology7040064 /s1: Figure S1: Ex vivo immunological pa-
rameters in exercise vs. sedentary group mice in early-time NOD (Study 2); Figure S2: Representative
flow cytometry plots of splenocytes from exercise and sedentary group late-time NOD mice in major
immune cell subpopulations (Study 1). Figure S3: Immunophenotyping of splenocytes from exercise
and sedentary group mice in early-time NOD (Study 2).
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Abbreviations

The following abbreviations are used in this manuscript:

CCL4 Chemokine (C-C motif) ligands 4
EEXE Early-time exercise

ESED Early-time sedentary

HIF-1a«  Hypoxia-inducible factor 1-alpha
IFN-y Interferon gamma

LEXE Late-time exercise
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LSED Late-time sedentary

NOD Non-Obese Diabetic

T1D Type 1 Diabetes Mellitus

TNF-«  Tumor necrosis factor alpha

VEGF  Vascular endothelial growth factor
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