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Abstract

Background: Dysbiosis and metabolic disorders of the microbiota, often caused by an imbalance in the intestinal microbial

composition, are significant issues linked to immobility, obesity, and diabetes. Physical exercise is recognized for its role in

managing these symptoms by regulating the composition and metabolites of the intestinal microbiota, thereby improving gut

health and overall metabolic function.

Objectives: This study aimed to investigate and compare the effects of continuous endurance training (CET) and high-intensity

interval training (HIIT) on two key cecal microbiota metabolites, butyrate and propionate, in diabetic rats.

Methods: Forty-five male Wistar rats were made diabetic by a high-fat diet and were trained under CET and HIIT exercise

protocols. Cecal tissue samples were taken from the rats to evaluate the effect of exercise, and the levels of two microbial

metabolites, butyrate and propionate, were measured using the high-performance liquid chromatography (HPLC) method.

Results: Among the exercise patterns studied, HIIT significantly improved the concentrations of butyrate and propionate, while

CET showed no effect on these metabolites.

Conclusions: Our findings suggest that, unlike CET, HIIT may effectively mitigate metabolic disturbances resulting from gut

dysbiosis in diabetic patients. However, any definitive conclusion about the effects of CET and HIIT exercises on intestinal

microbial metabolites necessitates further comprehensive tests on other metabolites and an examination of additional

supporting evidence, such as changes in the composition of the intestinal microbiome.
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1. Background

Alterations in intestinal microbiota composition,

termed dysbiosis, lead to fluctuations in metabolite
production through fermentation processes (1, 2). Short-

chain fatty acids (SCFAs), such as acetate, butyrate, and

propionate, are vital products of this fermentation,

profoundly impacting glucose and insulin regulation (3-

5). For instance, butyric acid exhibits local anti-
inflammatory and immune-regulating properties,

alongside its role as an energy substrate and regulator
of gut hormones (6). Short-chain fatty acids have been

implicated in obesity prevention, insulin resistance

mitigation, and induction of thermogenesis in brown

fat (5, 7-9). Dysbiosis can lead to significant changes in
gut microbial diversity, increased monosaccharide

absorption, elevated levels of lipogenic enzymes, and

the development of insulin resistance and obesity. In
obese individuals, enzymes in the glucose signaling

pathways with insulin are diminished, contributing to
chronic low-grade inflammation. This inflammation is

marked by higher levels of pro-inflammatory cytokines

and free fatty acids (FFA), which can interfere with the
normal function and secretion of insulin, inducing

insulin resistance and beta-cell dysfunction (10, 11).

Studies have shown that changes in the gut

microbiota lead to alterations in the production of
SCFAs and enzymes that directly influence glucose and
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insulin regulation, ultimately contributing to obesity

(12). Short-chain fatty acids, such as propionate and

acetate, are transported through the bloodstream to
various organs, where they serve as substrates for

energy metabolism, particularly by liver cells, which use
propionate for gluconeogenesis (13). Short-chain fatty

acids also stimulate the secretion of endocrine

hormones that regulate energy balance and glucose
homeostasis (4). Therefore, dysbiosis, through its

impact on SCFA production and glucose and insulin-
regulating enzymes, is expected to contribute to the

development of obesity and type 2 diabetes.

The gut microbiota and mucosal integrity are subject

to various influences, including diet, environment, and

notably, physical activity (14). Conversely, obesity and

inactivity exhibit a strong correlation, directly

contributing to insulin resistance and augmenting the

risk of metabolic syndrome (15, 16). Given the potential

link between obesity and gut microbiome alterations,

understanding the factors influencing intestinal

microbial changes and their correction becomes

imperative in combating obesity and preventing

metabolic syndrome.

Regular physical activity has been shown to

modulate the intestinal microbiota (17), prompting the

need to investigate how different exercise interventions,
varying in intensity and duration, influence microbial

content and metabolites, alongside their role in

diabetes control and inflammation mitigation.

Several mechanisms can explain how exercise

impacts the gut microbiome. Research has shown that

exercise reduces the abundance of bacteria producing
branched-chain amino acids (BCAA) (18), which are

mediators in the development of insulin resistance.

Evidence suggests that exercise-induced changes in the

gut microbiota are associated with improved glucose

homeostasis and insulin sensitivity (19). The gut-
associated lymphoid tissue (GALT) houses most of our

immune cells, and exercise can modulate their gene

expression, favoring anti-inflammatory and antioxidant

responses, which may mediate host-microbial

interactions (20). Exercise can also modify bile acid
circulation, a known regulator of microbial community

structure. Additionally, the metabolic demands of
exercise release compounds like myokines and lactate

(21), which might directly or indirectly interact with the

gut environment, potentially influencing the
microbiome. However, due to the lack of control over

diet, age, and type of exercise in these studies, the
mechanisms and extent of exercise's impact on the gut

microbiota remain inconclusive, leading to conflicting

results. Therefore, understanding the effects of exercise

on gut microbiota composition and structure is still in

its early stages, and the role of microbiota in exercise

adaptation remains unknown.

2. Objectives

This study aims to investigate the impact of two

major exercise patterns, continuous endurance training
(CET) and high-intensity interval training (HIIT), on

cecal butyrate and propionate metabolites. Utilizing the

high-performance liquid chromatography (HPLC)
method, we seek to elucidate the differential effects of

these exercise modalities on intestinal microbial
metabolites, shedding light on their potential in

diabetes management and inflammation control.

3. Methods

3.1. Study Subjects and Sample Collection

Forty-five male Wistar rats, aged 8 weeks and

weighing 200 ± 10 g, were obtained from the Razi
Institute, Iran. After a week of acclimatization, the rats

were divided into control and high-calorie diet groups.
Diabetes was confirmed after 16 weeks based on fasting

blood sugar levels (> 250 mg/dL) and HOMA-IR (> 3)

(Table 1). The rats were then randomly assigned to four
groups: Non-diabetic control (NDC), diabetic control

(DC), CET, and HIIT. Thirteen rats were excluded due to
leg injuries or not meeting the diabetes threshold. After

24 hours of the final exercise session, the rats were

euthanized with ketamine (90 mg/kg) and xylazine (10
mg/kg), and blood and cecal tissue samples were

collected for analysis and stored at -80°C.

3.2. Diet and Exercise Protocol

The high-calorie diet used in this study was procured

from the Razi Institute and consisted of 30% animal fat,

25% fructose, and 45% basic animal food composition.

Rats underwent familiarization with the exercise

regimen one week post-induction of diabetes, with five

weekly training sessions. Prior to commencing the

formal training, rats were acclimated to the exercise

protocol at a reduced speed compared to the designated

intensity. The main training phase then spanned nine

weeks.

The exercise regimen was structured as follows: The
DC and NDC groups did not engage in any formal

exercise program. However, to maintain consistent
conditions among all groups, they were placed on a

stationary treadmill for 10 to 15 minutes, five times a

week. The CET and HIIT groups followed the protocol
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Table 1. Serum Glucose Levels in Rats: Blood Sugar Analysis

Variables NDC DC a CET b HIIT c

FBS (mg/dL) 119±22.57 305. 5 ± 25.24 199.12 ±40.28 145.71 ± 44.59

P-value < 0.0001 < 0.0001 < 0.0001

HOMA-IR (%) 1.24±0.13 6.45 ± 0.19 p 2.78 ± 0.2 1.90 ± 0.32

P-value < 0.0001 < 0.0001 < 0.05

Abbreviations: NDC, non-diabetic control; DC, diabetic control; CET, continuous endurance training; HIIT, high-intensity interval training.

a P-values in correspond to NDC-DC.

b To DC-CET.

c To DC-HIIT comparisons (n = 8, significance: P ≤ 0.05, P ≤ 0.0001).

outlined in Table 2 for a duration of ten weeks. The

general steps of the experiment are illustrated in Figure

1.

Figure 1. Schematic representation of the experiment phases: A, induction of
diabetes through a high-fat diet; B, confirmation of diabetes via a blood sugar test; C,
implementation of exercise interventions using HIIT and CET protocols; D, collection
of cecal samples; and E, analysis of the intervention's effect on cecal microbiota
metabolites using HPLC. Abbreviations: NDC, non-diabetic control; DC, diabetic
control; CET, continuous endurance training; HIIT, high-intensity interval training.

3.3. Analysis of Butyrate and Propionate Short-Chain Fatty
Acids in Rat Cecum

Butyrate and propionate, key markers of exercise-

induced gut microbiome changes (24), were quantified

using an Agilent 1200 HPLC-UV system (25).

Chromatographic separation was performed using an

Eclipse XDB-C18 column. Data acquisition and

processing were carried out using ChemStation

software. The mobile phase consisted of a sodium

monophosphate-water mixture and acetonitrile.

Calibrators were prepared from 0.5 M and 0.05 M

working solutions (Appendix 1 in Supplementary File).

Sample preparation involved liquid-liquid extraction.

After injecting 10 μL samples, elution through the

column followed a specified schedule (Appendix 2 in

Supplementary File).

3.4. Statistical Analysis

Experimental data from the four groups (NDC, DC,

CET, HIIT), each with 8 members, were analyzed using

SPSS (v22) and MATLAB (vR2020b). Normality was

checked using the chi-square test. ANOVA was used to

assess group differences, followed by the Tukey-Kramer

test for multiple comparisons. Significance levels were

set at 0.001, 0.01, and 0.05. Mean, median, standard

deviation (STD), standard error (SE), and variation span

were calculated, and outliers were removed. Linear

regression (correlation coefficient: 0.99) was used to

establish the chromatography test standard curve.

4. Results

4.1. Butyrate

The results of cecal butyric acid concentration

measurements are depicted in Figure 2 and summarized
in Appendix 3 in Supplementary File. In Figure 2A and B,
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Table 2. Continuous Endurance Training and High-intensity Interval Training Exercise Protocol (22, 23)

Practice Procedures Warm up Context of Exercise Plan Cooling Down

Practice time (min) 5 min 30 min (CET) → 1 min (4 HIIT repeats) and 3 min (HIIT recovery) 5 min

Intensity of practice (% of VO2 max) 30 - 40% 50 - 60% (CET) → 30 - 35% (4 HIIT repeats) and 85 - 90% (HIIT recovery) 30 - 40%

Decline 0 0 0

Abbreviations: VO2 max, maximal oxygen consumption or maximal aerobic capacity; CET, continuous endurance training; HIIT, high-intensity interval training

Figure 2. Effect of exercise intervention on cecal butyrate concentration. A and B, bar and box plots illustrate the relative values and variation spans of butyrate concentration
across the NDC, DC, CET, and HIIT groups. In B, red lines denote the medians. Statistical significance was determined using Tukey's multiple comparison test: *** P ≤ 0.001, ** P ≤
0.01, and * P ≤ 0.05, with a sample size of n = 8. C, the probability density function depicts the normal distribution of butyrate concentration within the studied groups.
Abbreviations: NDC, non-diabetic control; DC, diabetic control; CET, continuous endurance training; HIIT, high-intensity interval training.

a notable decrease in butyrate concentration from 11.73

mM to 7.05 mM was observed in the diabetic group,

aligning with previous findings indicating the adverse

impact of diabetes on SCFAs (26-28). Remarkably, the

HIIT intervention led to a significant improvement in

butyrate concentration. Conversely, CET exercise showed

no significant effect on butyrate levels. Multiple

comparisons indicated significant differences between
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Figure 3. Effect of exercise intervention on cecal propionate concentration. A and B, bar and box plots illustrate the relative values and variation spans of propionate
concentration across the NDC, DC, CET, and HIIT groups; B, red lines denote the medians. Statistical significance was determined using Tukey's multiple comparison test: *** P ≤
0.001, ** P ≤ 0.01, and * P ≤ 0.05, with a sample size of n = 8; C, the probability density function depicts the normal distribution of propionate concentration within the studied
groups. Abbreviations: NDC, non-diabetic control; DC, diabetic control; CET, continuous endurance training; HIIT, high-intensity interval training.

the diabetic groups with HIIT (P = 0.036) and the non-

diabetic groups with CET (P = 0.033). Furthermore, the

one-way ANOVA test confirmed the effectiveness of

exercise interventions on butyrate concentration (P =

0.0073, Appendix 4 in Supplementary File). In Figure 2C,

the probability density function of the CET group leaned

towards the DC group, while that of the HIIT group

inclined towards the NDC group. The STD of the NDC

and HIIT groups hovered around 1.8 mM, while that of

the DC and CET groups was approximately 0.4 mM

(Appendix 3 in Supplementary File).

4.2. Propionate

Changes in propionic acid concentration were

analyzed in relation to diabetes and exercise

interventions, as illustrated in Figure 3 and summarized

in Appendix 5 in Supplementary File. Notably,

propionate concentration exhibited a significant

reduction under the influence of diabetes, showing a

94% decrease compared to the non-diabetic group. In

contrast, exercise interventions led to an increase in

propionate concentration, with values of 0.6 mM for

CET and 0.21 mM for HIIT. High-intensity interval

training demonstrated superior efficacy in elevating

propionate concentration compared to CET, with a

statistically significant performance difference observed

at a level of 0.032. The one-way ANOVA hypothesis test

confirmed the impact of both diabetes and exercise

interventions on cecal propionic acid concentration (P =

0.0013, Appendix 6 in Supplementary File for details)

(Figure 3A and B). Probability density function analysis

revealed an overlap between the HIIT group and non-

diabetic subjects, while the CET group overlapped with

diabetic subjects (Figure 3C). Statistical measures,
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including mean, STD, and SE for each group, are

provided in Appendix 5 in Supplementary File for

reference.

5. Discussion

In this study, the effects of two types of exercise, CET

and HIIT, on the levels of butyrate and propionate

metabolites and fasting blood glucose levels in diet-

induced diabetic rats were investigated. Diabetes led to

a significant decrease in both metabolites in the

diabetic group compared to NDCs. Subsequently, the

HIIT intervention, contrary to CET, substantially

compensated for the reduction in both metabolites.

Given that these two metabolites are the main energy

sources for colonocytes (29), it can be expected that

their concentration improvement by HIIT could

enhance glycemic control and insulin sensitivity. This

prediction aligns with the results of reduced levels of

fasting blood sugar (FBS) and insulin resistance

measured in the HIIT group compared to the DC group.

On the other hand, despite CET not affecting the

enhancement of butyrate and propionate production in

the gut, it significantly reduced FBS and insulin

resistance. This suggests that, besides gut microbial

metabolites, other factors also influence blood sugar

regulation and insulin sensitivity. Consistent with

previous clinical studies (30-32), the present results

demonstrate the positive impact of both HIIT and CET

patterns in balancing blood sugar and modulating

insulin resistance.

Considering the effect of HIIT on the concentration

of the examined metabolites, it is also expected that HIIT

plays a role in regulating the population of microbiota

producing these SCFAs and alleviating dysbiosis. Among

the anaerobic gut bacteria, butyrate is produced by

Firmicutes and propionate by Firmicutes and

Bacteroidetes (33). The positive effect of HIIT on the

Firmicutes and Bacteroidetes phyla has been reported in

previous studies (34-36), which is consistent with the

findings of the current study and indirectly confirms it.

Here, we discuss possible mechanisms explaining the

regulatory role of exercise on gut microbial metabolites,

diabetes, and insulin resistance:

Exercise and SCFA production: Following exercise,

gut microbiota synthesize various metabolites,

including SCFAs (butyrate, propionate, acetate), which

may explain HIIT’s positive effects on type 2 diabetes.

Short-chain fatty acids improve insulin resistance

through interactions with G-protein coupled receptors

(GPRs), specifically GPR43 and GPR41 on intestinal L cells,

which regulate digestion and satiety (3). However, the

exact mechanism by which SCFAs enhance glucagon-like

peptide 1 (GLP-1) secretion remains unclear.

Improved intestinal barrier function: Diabetes often

impairs intestinal barrier function (11). However, regular

exercise can improve intestinal permeability and

endotoxemia in type 2 diabetes patients. This

improvement may be due to an increase in SCFA-

producing bacteria, especially butyrate producers.

Butyrate promotes colonic regulatory T cell

differentiation and anti-inflammatory cytokine

production, strengthening the intestinal barrier (24, 37).

Further research is needed to understand the exact

mechanisms by which SCFAs affect this function.

Impact of exercise on intestinal transit time: Patients

with type 2 diabetes have longer intestinal transit times

due to elevated glucose levels, which reduce gastric and

small intestine motility (38). This leads to increased

nutrient absorption and energy intake, potentially

disrupting energy homeostasis and contributing to

obesity and type 2 diabetes. Shortening transit time

appears to increase the prevalence of fast-growing

bacterial species, most of which are SCFA producers,

while microbes with longer replication times risk being

washed out (39). Additionally, SCFAs, especially

propionate, can increase GLP-1 secretion, which is

released postprandially and helps boost insulin

secretion from beta cells (7).

Exercise and improved microbial population:

Anaerobic exercise routines like HIIT may boost the

levels of butyrate and propionate in the gut by favoring

beneficial SCFA-producing bacteria and reducing

harmful BCAA-producing bacteria. Further studies on

gut microbial composition are needed to confirm this.

5.1. Exercise and Gut Microbial Metabolites: Current Insights

5.1.1. Human Studies

The first indications that exercise has a role in

modulating the human gut microbiome and the

metabolic capacity of the microbiota were observed

through cross-sectional studies (40). For instance,

professional rugby players exhibited greater alpha

diversity (41) and higher levels of amino acid and

carbohydrate metabolic pathways, along with increased

fecal SCFA (42) compared to sedentary individuals.

Additionally, in non-athletic populations, women who

exercised for at least three hours per week had higher

levels of butyrate producers like Roseburia hominis,

Faecalibacterium prausnitzii, and the mucin degrader

Akkermansia muciniphila.
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High-intensity combined aerobic and resistance

training for 12 weeks in males with overweight and

obesity led to decreased fecal and serum BCAA and

aromatic amino acids (AA), and increased fecal

propionate, GABA, and serum SCFA in exercise

responders (19, 43). The lowering of plasma BCAA when

performing high-intensity exercise was preceded by a

significant increase in plasma lactate levels, showing

that a significant attenuation of BCAA during

incremental exercise coincides with exercise-induced

acceleration of glycogen utilization. Additionally, it has

been found (44) that moderate-intensity combined

aerobic and resistance training for 8 weeks resulted in a

greater decrease in urinary PAG and TMAO compared to

a protein-only group. However, a similar study found no

effects of exercise training on fecal SCFAs in individuals

with type 2 diabetes (45). Also, in response to exercise,

humans consistently show increases in Bacteroides and

Roseburia. Bacteroides participates in metabolic

pathways such as sphingolipid and SCFA production,

bile acid metabolism, and mucus utilization (46-48).

Roseburia primarily produces SCFAs, particularly

butyrate, and is involved in conjugated fatty acid

metabolism (46). Short-chain fatty acids and conjugated

fatty acids regulate intestinal permeability, while SCFAs

also contribute to energy homeostasis, glucose

tolerance, and insulin sensitivity.

5.1.2. Animal Studies

Four weeks of aerobic training of varying durations

(20, 40, or 60 minutes) in female C57BL/6 WT mice

resulted in lower serum D-Lac, LPS, and DAO compared

to an unrestricted running control (49). However, no

differences in fecal metabolomics profiles were

observed with aerobic training in overweight or obese

mixed-breed horses undergoing weight loss (50). The

differing responses to aerobic and anaerobic exercise

align with our study's findings for CET and HIIT exercise

patterns. In another animal model, Coprococcus, a SCFA

producer, consistently increased with exercise (51).

Generally, SCFA producers were found to increase with

exercise in animal models.

5.2. Conclusions

The study findings highlight the effectiveness of HIIT

in mitigating the negative impact of diabetes on the

production of beneficial metabolites such as butyrate

and propionate, leading to a significant increase in the

concentration of these SCFAs. Additionally, HIIT has

demonstrated superior efficacy over CET in reducing

fasting blood glucose levels and insulin resistance.

Based on these results, it is reasonable to expect that

HIIT could contribute to the prevention and

management of type 2 diabetes while potentially

yielding superior enhancements in gut microbiota

metabolic disorders compared to CET. However, a more

comprehensive comparison necessitates further

investigation into other relevant parameters.
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