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Abstract

Background: Type 2 diabetes mellitus (T2DM) is associated with altered gut microbiota
and reduced short-chain fatty acid production, which may contribute to insulin resis-
tance. However, evidence on fecal Short Chain Fatty Acid (SCFA) profiles in African
populations remains limited. This study quantified fecal SCFAs in individuals with and
without T2DM using Gas Chromatography–Mass Spectrophotometry (GC-MS) with N,O-
bis(trimethylsilyl)trifluoroacetamide (BSTFA) derivatization. Methods: A cross-sectional
study included 140 adults (92 non-diabetic and 48 T2DM). Fecal SCFAs were extracted,
derivatized using BSTFA, and analysed by GC–MS. Associations between SCFAs, diabetes
status, and HbA1c were evaluated using non-parametric statistics. Results: The GC–MS
method demonstrated strong linearity (R2 = 0.9917–0.9978), acceptable recovery, and re-
producibility. Acetic, propionic, butyric, pentanoic, hexanoic, and heptanoic acids were
detected, with acetic acid being most abundant in both groups. T2DM participants had
higher median SCFA levels, although only butyric acid differed significantly (p = 0.027).
HbA1c was significantly higher in the T2DM group (p < 0.001). No significant associations
were observed between SCFAs and HbA1c in either group. Age differed significantly be-
tween groups, with T2DM participants older than non-diabetic controls. Conclusions: Most
fecal SCFA profiles were comparable between individuals with T2DM and healthy controls.
However, butyric acid was significantly elevated in the T2DM group, indicating that not all
SCFAs exhibited similar patterns between the study groups. These findings suggest that
fecal SCFAs alone may not serve as reliable biomarkers of T2DM in this population and
highlight the influence of complex host–microbiome–environment interactions suggest-
ing that dietary and microbial factors may outweigh disease status in determining SCFA
variability in this cohort setting.

Keywords: fecal short-chain fatty acids; type 2 diabetes mellitus; GC-MS; BSTFA
derivatization; South African cohort
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1. Introduction
Type 2 diabetes mellitus (T2DM) is a chronic metabolic disorder characterized by

insulin resistance in which the pancreatic β-cells become less responsive to insulin, and
by persistent hyperglycemia [1]. Globally, the prevalence of T2DM has been rising at an
alarming rate, driven largely by rapid urbanization, sedentary lifestyles, unhealthy dietary
patterns, and increasing obesity [1]. According to estimates from the 2017 International
Diabetes Federation (IDF) Diabetes Atlas, diabetes affected roughly 425 million individuals
globally, and this number is expected to increase to 700 million by 2045 [2]. Sub-Saharan
Africa currently reports one of the lowest regional T2DM prevalence rates at 4.7%; however,
this estimate varies considerably across countries and is projected to increase as the region
undergoes epidemiological transitions [3]. Within Sub-Saharan Africa, South Africa faces a
particularly substantial burden, where diabetes ranks among the leading causes of death
in women and men, highlighting its significant impact on the population [4]. Therefore,
effective preventive strategies are needed to reduce the incidence of T2DM. These strategies
include promoting healthy lifestyles through proper nutrition, regular physical activity,
and maintaining a healthy weight. In addition, early detection through routine screening
can identify individuals at risk or in the pre-diabetic stage, enabling timely interventions to
prevent disease progression [5].

Several studies have shown that the decreased production of short-chain fatty acids
(SCFAs) in individuals with T2DM is associated with pathogenic bacteria that lack SCFA-
producing capacity [6]. This decline in SCFA levels may contribute to insulin resistance,
inflammation, and metabolic dysfunction observed in diabetic patients [6]. As a result, there
is growing interest in understanding how gut microbiota and their metabolites, particularly
SCFAs, influence the development and progression of T2DM, as well as their potential as
therapeutic targets [6]. However, research on SCFAs in the context of diabetes remains limited,
especially regarding specific microbial species responsible for SCFA production and their
physiological significance to the host, which complicates efforts to understand the relationship
between SCFAs and gut microbiota [7]. Addressing these limitations is essential for drawing
meaningful conclusions and advancing current knowledge in the field.

Accurate quantification of SCFAs, which are typically present at very low concen-
trations in biological samples, is a critical first step for understanding their physiological
significance [7]. According to the literature, gas chromatography–mass spectrometry
(GC–MS) remains one of the most widely used techniques for SCFA analysis, typically
requiring derivatization to improve detection sensitivity and specificity [8,9]. Several
derivatizing agents are available, including pentafluorobenzyl bromide (PFBBr), chlorofor-
mates, and trimethylsilyl (TMS) reagents such as N,O-bis(trimethylsilyl)trifluoroacetamide
(BSTFA) and N-Methyl-N-(trimethylsilyl)trifluoroacetamide (MSTFA). Notably, N,O-
bis(trimethylsilyl)trifluoroacetamide (BSTFA) has shown particular promise in enhancing
SCFA volatility and detection accuracy compared with other agents [10].The true value of
this study lies in its unique geographical and ethnic context, mapping fecal SCFA profiles
within South African population that is currently underrepresented in metabolic research.
Therefore, this study aimed to quantitatively profile fecal SCFAs in individuals with T2DM
and non-diabetic controls within a South African population using BSTFA derivatization
coupled with GC–MS, and to evaluate their associations with glycaemic control (HbA1c) as
well as demographic and clinical characteristics.

2. Materials and Methods
2.1. Study Design

This study employed an analytical cross-sectional comparative design to quantify and
compare SCFA’s concentrations between adults with T2DM and non-diabetic individuals.
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2.2. Study Population

The study included a total cohort of 140 South African urban patients (≥18 years),
comprising 48 patients with T2DM recruited from the Dr George Mukhari Academic
Hospital (DGMAH) diabetes clinic and 92 non-diabetic controls recruited from nearby
townships (Ga-Rankuwa, Soshanguve, and Mabopane) between April 2023 and September
2023. Before sample collection, participants completed a structured questionnaire to obtain
demographic and clinical information relevant to the study objectives. The questionnaire
collected demographic data (age, sex, and residential location) and clinical information,
including current medication use. For participants with T2DM, antidiabetic medications,
including metformin, were documented. However, Body Mass Index (BMI) and dietary
factors, including daily fiber intake, were not assessed.

Written informed consent was obtained from all participants before enrolment. To
minimize selection bias and confounding, both groups were recruited from the same geo-
graphic catchment area and were subject to identical eligibility criteria, except for diabetes
status. Participants were eligible if they were ≥18 years of age, had confirmed T2DM
(for the diabetes group), and resided in one of the selected townships. Individuals with
conditions or treatments known to influence gut microbiota composition and SCFA produc-
tion, such as recent antibiotic use (within the preceding three months) or gastrointestinal
disorders, were excluded.

Although recruiting patients with T2DM from a hospital clinic and non-diabetic con-
trols from the surrounding community may have introduced residual confounding related
to lifestyle, dietary habits, and socioeconomic factors, recruiting participants from the
same geographic catchment area was intended to improve group comparability. However,
because of the cross-sectional study design and the absence of BMI and dietary fiber intake
data, residual confounding cannot be completely excluded and is acknowledged as a study
limitation. The study was approved by the Ethics Committee of Sefako Makgatho Health
Sciences University (Reference: SMUREC/M/321/2022: PG).

2.3. Materials, Apparatus and Instrumentation

The volatile fatty acid standards, including acetic acid (purity ≥ 99.90%), propionic
acid (purity ≥ 99.90%), butyric acid (purity ≥ 99.80%), isobutyric acid (purity ≥ 99.9%),
valeric acid (purity ≥ 99.6%), isovaleric acid (purity ≥ 99.90%), formic acid (purity ≥ 99.8%),
4-methylvaleric acid (purity ≥ 99.07%), caproic acid (purity ≥ 99.8%), hexanoic acid (purity
≥ 99.8%), heptanoic acid (purity ≥ 99.61%), and N, O-bis(trimethylsilyl)trifluoroacetamide
(BSTFA) were purchased from Separations (Johannesburg, South Africa).

The reagents, including analytical grade hydrochloric acid (HCl), anhydrous diethyl
ether (DE), anhydrous sodium sulfate (Na2SO4) were purchased from Sigma Aldrich
(Johannesburg, South Africa). Deionised water was collected from the water purifying
system. An Agilent Technologies 7890B GC-MS system (Agilent Technologies, Santa Clara,
CA, USA) was employed with helium 5.0 as carrier gas. A HP-5MS capillary column
(30 m × 0.25 mm, 0.25 µm film thickness; Agilent Technologies) was also used, a Heidolph
Reax 2000 vortexer (Heidolph Instruments, Schwabach, Germany) was used. The model
shaker Roller Mixer (Taipai, Taiwan) was manufactured by the Gemmy Industrial Corp
and the CS-A5R Centrifuge (Centurion, South Africa) was purchased from Beckman.

2.4. Laboratory Procedure
2.4.1. Sample Collection and Preparation

Samples from participants with T2DM were collected at the diabetic clinic of Dr George
Mukhari Academic Hospital, while samples from non-diabetic participants were collected
at the Chemical Pathology Department of Sefako Makgatho Health Sciences University.
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All participants were instructed to provide fecal samples immediately after defecation to
minimize environmental contamination. Samples were placed in closed specimen containers,
transported in a cooler box to the Chemical Pathology Laboratory, and stored at −70 ◦C until
analysis. Participants with T2DM who were unable to provide samples during their clinic visit
were issued fecal collection kits and given instructions for home collection. All non-diabetic
participants provided samples during their visit to the department.

2.4.2. Extraction of Short-Chain Fatty Acids from Fecal Samples

Thirty mg of each fecal sample was weighed off, mixed with 300 µL of deionized
water and homogenized for 20 s at 6500 rpm (repeated three times) using a 2000 vortexer.
The fecal homogenates were placed on a model shaker (Roller Mixer,) and incubated at
4 ◦C while shaking for 30 min. This was followed by centrifugation in a CS-A5R Centrifuge
at 13,000× g for 30 min. Aliquot (100 µL) of the supernatant was transferred into a 0.6 mL
microtube containing 10 µL of 5 M HCl to adjust the pH to approximately 2. Acidified
fecal homogenates were extracted with 100 µL of anhydrous diethyl ether (DE) (1:1, v/v),
vortexed, and incubated on ice for 5 min, followed by centrifugation at 10,000× g for
5 min. The DE layer containing the extracted SCFAs was transferred into a new microtube
containing anhydrous Na2SO4 to remove residual water. The remaining aqueous phase
was re-extracted twice with DE, and the combined DE layers were pooled and mixed for
subsequent derivatization.

2.4.3. Derivatization of the DE Extract

An aliquot of 100 µL of the pooled DE extract was transferred into a glass insert into
a GC vial, followed by the addition of 5 µL of N,O-bis(trimethylsilyl)trifluoroacetamide
(BSTFA). The mixture was vortexed for 5 s, tightly capped, and incubated at 70 ◦C for
20–40 min, at 37 ◦C for 2 h, or at room temperature (22 ◦C) overnight (≥8 h). The derivatized
extracts were thereafter analyzed using GC–MS.

2.5. GC–MS Analysis of Short-Chain Fatty Acids

Quantitative analysis of SCFAs was performed using a gas chromatograph coupled
to a single quadrupole mass spectrometer. The system was equipped with an Agilent
7890B GC, Agilent 7890B MS and an Agilent 7693A autosampler. The injector, ion source,
quadrupole, and interface temperatures were maintained at 260, 230, 150, and 280 ◦C,
respectively. Exactly 1 µL aliquot of the derivatized extract was injected in split mode
(10:1) with a solvent delay of 3 min. Chromatographic separation was achieved on an
HP-5MS capillary column (30 m × 0.25 mm i.d., 0.25 µm film thickness. Helium was
used as the carrier gas at a constant flow rate of 1.0 mL/min. The oven temperature
was programmed as follows: initial temperature of 40 ◦C (held for 2 min), increased
to 150 ◦C at 15 ◦C/min and held for 1 min, then ramped to 300 ◦C at 30 ◦C/min and
maintained for 5 min. Ionization was performed in electron impact (EI) mode at 70 eV.
For SCFA detection, mass spectra were acquired in full scan mode (m/z 40–400) at an
acquisition rate of 12.8 scans/s. Data acquisition and processing were performed using
Agilent MSD ChemStation E.02.00.493 software. Importantly, a blank sample consisting
of deionized water processed identically to the fecal samples was included to correct for
background noise and potential contamination. Direct GC–MS analysis may result in low
analyte recovery and potential contamination of the GC column due to the presence of
impurities. To address these limitations, derivatization using BSTFA was employed to
enhance analytical sensitivity and reduce the impact of contaminants. Potential carry-
over from previous injections was minimized by introducing a solvent blank (methanol)
immediately following high-concentration samples to monitor for residual peaks. In
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addition, multiple pre- and post-injection syringe washes were performed, with increased
wash volumes and wash cycles, to further reduce the risk of carry-over contamination.

2.6. Calibration of Short-Chain Fatty Acids

Working solutions were prepared from the stock solutions (10,000 µg/mL) at the follow-
ing concentrations: acetic acid [10, 50, 100, 200, 300 and 500 µg/mL], propionic acid [2, 20, 40,
60, 80, and 100 µg/mL], butyric acid [4, 40, 100, 104, 140, and 200 µg/mL], pentanoic/valeric
acid [0.4, 4, 8, 12, 16, and 20 µg/mL], hexanoic acid and heptanoic acid [0.01, 0.1, 0.2, 0.3, 0.4,
and 0.5 µg/mL] guided by literature [11,12]. Each calibration level was prepared in triplicate
by spiking 50 µL of the corresponding working solution. Calibration curves were constructed
by plotting the peak areas of the six SCFAs against their respective concentrations. Linearity
was assessed across the selected concentration ranges.

3. Statistical Analysis
Data was captured in Microsoft Excel® (Windows version 17, Microsoft Corporation,

Redmond, WA, USA) and analysed using Stata version 19.0 (StataCorp LLC, College Station,
TX, USA) as well as GraphPad Prism 5 (GraphPad Software, Inc., San Diego, CA, USA).
The normality of continuous variables, including SCFA concentrations (propionic, butyric,
pentanoic, hexanoic, heptanoic, and acetic acids) and HbA1c levels was assessed using the
Shapiro–Wilk test. All variables were non-normally distributed (p < 0.001), consistent with
skewed biological distributions; therefore, non-parametric statistical methods were applied.

Between-group comparisons (diabetic vs. non-diabetic participants) were performed
using the Mann–Whitney U test, with results presented as medians and interquartile
ranges (IQR). Associations between HbA1c and SCFA concentrations were evaluated using
Spearman’s rank correlation. Furthermore, multivariable linear regression analyses were
conducted to evaluate the independent association between diabetes status and SCFA
concentrations while adjusting for potential confounding variables, including age and sex.
A p-value of < 0.05 was considered statistically significant.

4. Results
4.1. Demographic and Clinical Characteristics of Participants Stratified by Diabetes Status

Table 1 summarizes the demographic and baseline clinical characteristics of the
140 participants, comprising n = 92 non-diabetic and n = 48 with T2DM. When the study
population was stratified by diabetes status, the diabetic group was found to be signifi-
cantly older than the non-diabetic group (54.6 vs. 36.9 years, p < 0.001). There was a slightly
higher representation of females in both groups, with 62.5% (n = 30) in the diabetic group
and 59.8% (n = 55) in the non-diabetic group. However, no significant difference in gender
distribution was observed between the groups (p = 0.732). The geographical distribution
of participants showed that the majority of both diabetic and non-diabetic individuals
were recruited from Ga-Rankuwa. In the diabetic group, 50% (n = 24) of participants
were from Ga-Rankuwa, followed by Soshanguve 31.25% (n = 15) and Mabopane 12.5%
(n = 6). Similarly, in the non-diabetic group, most participants were from Ga-Rankuwa
(71.71%; n = 66), with fewer from Soshanguve (17.39%; n = 16) and Mabopane (5.43%; n = 5).
Among individuals with T2DM, 47.9% (n = 23) were receiving metformin monotherapy,
25% (n = 12) were on insulin, and 14.6% (n = 7) were receiving a combination of metformin
and insulin, while 12.5% (n = 6) did not disclose their treatment regimen. The results further
showed that the median HbA1c level was significantly higher in diabetic participants (8.3%)
than in non-diabetic individuals (5.3%) (p < 0.001).
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Table 1. Demographic and baseline clinical characteristics of the study participants.

Variable Diabetic Group (n = 48) Non-Diabetic Group
(n = 92) p-Value

Average Age (Years),
Median (IQR) 57 (47.5–65.5) 37.5 (25–48) >0.0008

Gender (n, %) Male 18 (37.5) 37 (40.2)
Female 30 (62.5) 55 (59.8) 0.732

Location (n, %) Ga-Rankuwa 24 (50) 66 (71.71)
Hamanskraal 0 (0) 1 (1.09)
Mabopane 6 (12.50) 5 (5.43)
Mamelodi
Rosslyn
Soshanguve
Brits
Hebron
Sunny side

0 (0)
0 (0)
15 (31.25)
1 (2.08)
2 (4.17)
0 (0)

2 (2.17)
1 (1.09)
16 (17.39)
0 (0)
0 (0)
1 (1.09)

Type of treatment (n, %) Metformin 23 (47.90) - -
Insulin 12 (25) -
Metformin + insulin 7 (14.6) -
Undisclosed 6 (12.5) -

HbA1c (%), Median (IQR) 8.3 (6.5–11.8) 5.3 (5–5.6) <0.001

4.2. Linearity Assessment of SCFA Calibration Curves and Analytical Performance

The analytical method demonstrated good linearity for all SCFAs across their respec-
tive concentration ranges. The calibration curves showed strong coefficients of determina-
tion (R2 > 0.99) for all analytes, indicating excellent linear relationships between concentra-
tion and detector response. Acetic acid showed linearity over a range of 10–500 µg/mL with
an R2 of 0.9917, while propionic acid showed linearity from 2 to 100 µg/mL (R2 = 0.9956).
Butyric acid and pentanoic/valeric acid also demonstrated strong linearity (R2 = 0.9975 and
0.9978, respectively). Similarly, hexanoic acid and heptanoic acid showed good linearity
within lower concentration ranges (0.01–0.4 µg/mL) with R2 values of 0.9937 for both
compounds (Table 2).

Table 2. Summary of SCFAs identified at different retention times with their quantification ions.

SCFAs Linearity Range
(µg/mL)

Retention
Time(min)

Mass to Ratio
(m/z)

Regression
Coefficient (R2)

Calibration
Equation %Recovery Coefficient

Variance (CV%)

Acetic acid 10–500 3.593 117 0.9917 y = 4755536x 123 13.6

Propionic acid 2–100 6.075 131 0.9956 y = 2 × 101 + 0.6x 109 9.2

Butyric acid 4–200 7.919 145 0.9975 y = 1 × 101 + 06x 75 22.1

Pentanoic/Valeric
acid 0.4–20 9.483 159 0.9978 y = 2 × 101 + 06x 104 37.2

Hexanoic acid 0.01–0.4 10.728 173 0.9937 y = 2 × 101 + 07x 73 -

Heptanoic
acid 0.01–0.4 11.825 187 0.9937 y = 2 × 101 + 07x 42 -

The GC–MS chromatogram demonstrated successful separation and detection of
SCFAs within the analysed samples. Six peaks corresponding to SCFAs were identified
based on their retention times and mass spectra. The peaks were assigned as follows:
acetic acid (RT ≈ 3.6 min), propionic acid (RT ≈ 6.1 min), butyric acid (RT ≈ 7.9 min),
pentanoic/valeric acid (RT ≈ 9.5 min), hexanoic acid (RT ≈ 10.7 min), and heptanoic acid
(RT ≈ 11.8 min) (Table 2 and Figure 1). Mass-to-charge ratios (m/z) used for identification
were 117, 131, 145, 159, 173, and 187 for acetic, propionic, butyric, pentanoic/valeric,
hexanoic, and heptanoic acids, respectively (Table 2).
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Figure 1. Chromatographic identification of six SCFAs (1–6), with each compound represented by
a distinct peak of interest. Additional peaks (a–i) were also identified on the chromatogram. The
chromatographic separation was adequate, with well-resolved peaks and minimal overlap between
adjacent compounds, confirming the suitability of the method for SCFA profiling. Butyric acid (3)
exhibited the highest peak intensity, indicating a relatively higher abundance compared to other
SCFAs. In contrast, hexanoic (5) and heptanoic (6) acids showed lower signal intensities.

Except for heptanoic acid (42%), the recovery values of the analytes ranged from 73%
to 123%, indicating generally acceptable extraction efficiency across the analytes. However,
acetic acid showed a slightly elevated recovery (123%), exceeding the upper limit, while
butyric acid demonstrated a lower recovery (75%), falling at the lower boundary of accept-
ability. Notably, precision, expressed as the coefficient of variation (CV%), varied among
the analytes, ranging from 9.2% to 37.2%. Propionic acid exhibited good reproducibility
(CV = 9.2%), whereas butyric acid (22.1%) and particularly pentanoic (valeric) acid (37.2%)
showed higher variability, indicating poor precision and less reliable reproducibility. CV’s
for hexanoic acid and heptanoic acid could not be determined due to the lack of duplicate
results for any of the control levels (Table 2 and Supplementary Table S1).

4.3. SCFAs Concentration Profiles in Diabetic and Non-Diabetic Participants

Fecal short-chain fatty acid concentrations were quantified and compared between
non-diabetic (n = 92) and diabetic (n = 48) participants, with results presented as median
(IQR). Overall, SCFA levels were consistently higher in the diabetic group compared to the
non-diabetic group.

Notably, acetic acid was the predominant SCFA in both groups, with higher median
concentrations observed in the diabetic group (229.78 µg/mL) compared to the non-diabetic
group (174.17 µg/mL). Butyric acid was the second most abundant SCFA, with higher
median concentrations in the diabetic group (83.96 µg/mL) than in the non-diabetic group
(62.12 µg/mL). Similarly, propionic acid concentrations were modestly elevated in the
diabetic group (41.53 µg/mL) compared to the non-diabetic group (31.85 µg/mL). No
statistically significant differences were observed between the two groups for acetic acid
(p = 0.103) and propionic acid (p = 0.054). However, butyric acid showed a statistically
significant difference between the groups (p = 0.027) (Table 3).
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Table 3. Comparison of fecal SCFA concentrations between Diabetic and Non-Diabetic Groups.

SCFA Non-Diabetic Group (n = 92) Diabetic Group (n = 48) p-Value

Acetic acid Median (IQR) 174.17 (97.61–285.89) 229.78 (109.32–360.32) 0.103

Propionic acid Median (IQR) 31.85 (15.16–50.84) 41.53 (19.61–74.90) 0.054

Butyric acid Median (IQR) 62.12 (25.79–111.22) 83.96 (39.76–161.26) 0.027

Pentanoic/Valeric acid Median (IQR) 9.17 (4.25–17.67) 10.45 (4.44–20.93) 0.468

Hexanoic acid Median (IQR) 0.14 (0.04–0.43) 0.25 (0.07–0.54) 0.132

Heptanoic acid Median (IQR) 0.08 (0–0.32) 0.11 (0.01–0.25) 0.225

Interestingly, the remaining SCFAs, including pentanoic (valeric), hexanoic, and hep-
tanoic acids, were detected at substantially lower concentrations (<15 µg/mL) in both
groups, with no statistically significant differences observed (p > 0.05 for all), despite
slightly higher median values in the diabetic group (Table 3). Figure 2 presents scatter plots
of individual concentrations (µg/mL) of (A) acetic acid, (B) propionic acid, (C) butyric acid,
(D) pentanoic acid, and (E) hexanoic acid in the diabetic and non-diabetic groups.
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Figure 2. The individual concentrations (µg/mL) of acetic (A), propionic (B), butyric (C), pentanoic
(D), hexanoic (E), and heptanoic (F) acids. Points are color-coded: pink for the diabetic group and
blue for the non-diabetic group. Among all the measured SCFAs, only butyric acid (C) showed a
statistically significant difference between the groups (p < 0.05). The black horizontal line represents
the mean (average) of all the values in that group.

4.4. Association Between Fecal SCFAs Concentrations and HbA1c Levels

Correlation analysis between HbA1c and fecal SCFAs demonstrated contrasting di-
rectional trends between non-diabetic and diabetic groups; however, all associations were
weak and not statistically significant (Table 4).
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Table 4. Association between HbA1c and fecal SCFAs by diabetic status.

SCFAs Non-Diabetic Group (n = 92) Diabetic (n = 48)

Acetic Acid (ρ, p-value) −0.12 (p = 0.252) −0.03 (p = 0.849)

Propionic acid (ρ, p-value) −0.04 (p = 0.739) 0.04 (p = 0.766)

Butyric acid (ρ, p-value) −0.06 (p = 0.581) 0.07 (p = 0.652)

Pentanoic/Valeric acid (ρ, p-value) −0.17 (p = 0.101) 0.10 (p = 0.516)

Hexanoic acid (ρ, p-value) −0.13 (p = 0.216) 0.18 (p = 0.236)

Heptanoic acid (ρ, p-value) −0.09 (p = 0.420) 0.17 (p = 0.247)

Among the non-diabetic group, HbA1c showed weak negative correlations with all
measured SCFAs, though none of these associations were statistically significant (Table 4).
The strongest association was with pentanoic/valeric acid (ρ = −0.17, p = 0.101), followed
by hexanoic (ρ = −0.13, p = 0.216), acetic (ρ = −0.12, p = 0.252), heptanoic (ρ = −0.09,
p = 0.420), butyric (ρ = −0.06, p = 0.581), and propionic (ρ = −0.04, p = 0.739) acids.

In contrast, the diabetic group showed weak positive correlations between HbA1c and
most SCFAs, representing a novel divergence from non-diabetic patterns, with acetic acid
as the sole exception, which remained negligible and slightly negative (ρ = −0.03, p = 0.849).
Associations included hexanoic (ρ = 0.18, p = 0.236) and heptanoic (ρ = 0.17, p = 0.247) acids,
pentanoic/valeric (ρ = 0.10, p = 0.516), butyric (ρ = 0.07, p = 0.652), propionic (ρ = 0.04,
p = 0.766). Similarly to the non-diabetic group, none of these associations were statistically
significant (Table 4).

4.5. Differential Associations of Age and Gender with SCFA Concentrations

Multivariable linear regression analyses were performed to evaluate the association
between diabetes status and fecal SCFA concentrations after adjusting for the potential con-
founding effects of age and sex. After adjustment, age was a significant predictor of propionic
acid concentrations (β = 0.562, p = 0.016), indicating a positive association between increasing
age and propionic acid levels. However, no significant associations were observed between
age and the remaining SCFAs. Gender was not significantly associated with SCFA concentra-
tions in any of the models (p > 0.05). The overall regression model was statistically significant
only for propionic acid (p = 0.0401), whereas all other models were not significant. Notably,
the R2 values were low across all SCFAs, suggesting that age and gender explain only a small
proportion of the variability in SCFA concentrations (0.002 to 0.046) (Table 5).

Table 5. Multiple linear regression analysis showing the effects of Age and Gender on SCFA concentrations.

SCFA Age (β) p-Value Gender (β) p-Value R2 Model p-Value

Acetic acid 1.704 0.135 −7.597 0.835 0.0187 0.2747

Propionic acid 0.562 0.016 10.149 0.172 0.0459 0.0401

Butyric acid 0.325 0.604 0.246 0.990 0.0021 0.8679

Pentanoic/Valeric acid 0.020 0.769 1.157 0.590 0.0023 0.8525

Hexanoic acid −0.001 0.649 0.039 0.597 0.0047 0.7246

Heptanoic acid −0.0013 0.388 0.050 0.295 0.0175 0.2979

5. Discussion
This study provides a comprehensive characterization of fecal SCFAs profiles in

individuals with T2DM and non-diabetic controls using BSTFA derivatization coupled
with GC–MS analysis. By integrating analytical validation, metabolic profiling, glycaemic
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associations and demographic stratification, the current findings contribute novel insight
into the complex and context-dependent relationship between SCFAs and diabetes.

In this study, fecal SCFAs were successfully quantified using GC–MS. Three major
straight-chain SCFAs, including acetic, propionic, and butyric acids were identified and
quantified, together with branched-chain fatty acids, including pentanoic (valeric), hex-
anoic, and heptanoic acids (Figure 1). The predominant SCFAs (acetic, propionic, and
butyric acids) were consistently detected at higher levels, followed by pentanoic/valeric,
hexanoic, and heptanoic acids. The findings of the current study are comparable to those
reported by Zhang et al., 2019 who employed a similar GC–MS-based analytical approach
and observed a comparable SCFA profile [10]. Although the overall chromatographic
patterns were consistent with their report, slight differences in retention times were ob-
served across the identified peaks. These variations may be attributed to methodological
differences, including sample preparation procedures, the type of derivatization reagent
used, chromatographic conditions, or variations in sample processing time. The coefficients
of variation (CVs) for butyric acid (22.1%) and pentanoic (valeric) acid (37.2%) in this study
indicate comparatively poor precision, particularly for pentanoic acid. Additionally, the
recovery for heptanoic acid varied between 34.08% and 42.10%. This increased variability
is likely attributable to the relatively low concentrations of these analytes, as measurements
near the lower limit of quantification are inherently less stable; small absolute fluctuations
in detector response can result in large relative differences, thereby inflating the CV.

In addition, variability in extraction efficiency and sample preparation may have
contributed to the observed imprecision. Due to their longer carbon chains, butyric and
pentanoic acids may exhibit less consistent recovery, influenced by differences in volatility,
solubility, and partitioning behaviour during extraction. These findings are consistent
with those reported by Kruger et al. (2024), who observed a CV of 27.8% for butyric acid
and values below 30% for valeric acid [13]. Their study also demonstrated substantial
variability in fecal SCFA concentrations despite stable pH conditions, with minor acids
generally showing the lowest precision. This was further reflected in the high CV of 27.4%
reported for total branched-chain fatty acids (including valeric acid derivatives) and an
overall SCFA variability of 17.2% [13]. In contrast, Smith et al. (2023) reported improved
reproducibility using a validated GC–MS method, with inter-day precision (%RSD) ranging
between 3% and 10% [14]. This enhanced precision was attributed to optimized storage
conditions and more efficient extraction protocols. However, even in that study, valeric and
isovaleric acids occasionally exceeded 20% CV, likely due to their lower concentrations,
reinforcing the inherent analytical challenges associated with minor SCFAs [14].

When fecal SCFA profiles were compared between participants with and without
T2DM, acetic acid was the most abundant metabolite in both groups, with slightly higher
median concentrations (174.17 µg/mL) in the diabetic group. This is consistent with its
established role as the principal end-product of gut microbial carbohydrate fermentation,
reflecting its central contribution to host energy metabolism and microbial ecosystem out-
put [15]. Butyric acid was the second most abundant SCFA and was present at significantly
higher concentrations in the diabetic group (83.96 µg/mL) than in the non-diabetic group
(62.12 µg/mL). This finding is noteworthy because butyrate production is primarily at-
tributed to key gut commensals, including Faecalibacterium prausnitzii and Roseburia spp.,
which are typically depleted in individuals with T2DM. Butyrate plays a critical role in
colonic energy metabolism, maintaining intestinal epithelial barrier integrity, and regulat-
ing anti-inflammatory signaling. Therefore, the elevated butyrate concentrations observed
in the diabetic group may indicate preserved or compensatory butyrogenic activity despite
disease-associated alterations in the gut microbiota. Possible explanations include selective
preservation of butyrate-producing pathways, enhanced microbial cross-feeding interac-
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tions, or modulation by external factors such as dietary intake, glucose-lowering medica-
tions (e.g., metformin), and population-specific gut microbiome characteristics [16,17].

The study compared fecal SCFA profiles between individuals with T2DM recruited
from a hospital setting and non-diabetic community participants. The recruitment ap-
proach reflects the greater accessibility of community-based volunteers relative to eligible
hospital-based patients with T2DM. Although this resulted in unequal group sizes, the
statistical methods used were appropriate for handling moderate sample size imbalances
following assessment of the underlying analytical assumptions. While the smaller T2DM
group may have reduced statistical power to detect subtle differences, significant vari-
ations in fecal SCFA concentrations were still identified, suggesting that the study was
sufficiently powered to detect biologically meaningful effects. Participant recruitment
was predominantly concentrated in Ga-Rankuwa (presumably because of the proximity
between Ga-Rankuwa and Dr GMAH), accounting for 50% (n = 24) of diabetic and 71.71%
(n = 66) of non-diabetic participants, with smaller representation from Soshanguve and
Mabopane. This geographic concentration highlights the study’s strong relevance to local,
high-burden communities, but may limit the generalizability of the findings to broader or
more diverse populations, a common limitation in South African cohort studies.

Furthermore, stratification by diabetes status, age, and gender in this study showed
that participants with T2DM were significantly older than non-diabetic individuals (median
57 vs. 37.5 years), reinforcing the well-established role of ageing as a key risk factor for
diabetes development. This finding is consistent with regional and international evidence
showing higher diabetes prevalence in older populations, driven by progressive insulin
resistance, β-cell dysfunction, and cumulative exposure to metabolic risk factors [18–21].
In contrast, gender distribution was comparable between groups, with a slight female
predominance in both groups, likely reflecting higher healthcare engagement and study
participation among women [22].

After adjusting for age and sex using multivariable linear regression analysis, age
was significantly associated only with propionic acid levels (β = 0.562, p = 0.016), while no
significant associations were observed between age and the other SCFAs. This selective
association may reflect age-related alterations in propionate-producing microbial taxa or
shifts in gut metabolic activity. Notably, the apparent discrepancy between the unadjusted
analysis (p = 0.027) and the adjusted regression model (p = 0.8679) for butyric acid is likely
attributable to confounding by baseline covariates, particularly age and sex. Although
the unadjusted analysis demonstrated significantly higher butyric acid concentrations in
participants with T2DM, this association was no longer significant after adjustment for age
and sex, indicating that diabetes status was not an independent predictor of butyric acid
concentrations. Rather, the crude difference observed between the groups may have been
influenced by baseline demographic differences. However, the overall lack of consistent
age effects across SCFAs suggests that microbial and environmental factors likely outweigh
chronological age in shaping SCFA profiles. Similarly, gender showed no significant associ-
ation with any SCFA, despite evidence elsewhere of sex-related microbiome differences
that may be context-dependent. Importantly, the very low explanatory power of the mod-
els (R2 = 0.002–0.046) indicates that age and sex collectively account for only a minimal
proportion of SCFA variability. These findings support the notion that SCFA production
is primarily driven by gut microbiota composition, dietary fibre intake, medication use
(particularly metformin), and overall metabolic status rather than demographic factors
alone [23,24].

Based on the clinical profile, including therapeutic stratification of the diabetic co-
hort and the evaluation of associations between fecal SCFA concentrations and HbA1c
in both groups, treatment patterns within the diabetic group indicated that 47.9% of
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participants were on metformin monotherapy, 25% on insulin, and 14.6% on combined
metformin–insulin therapy. This reflects standard clinical guidelines, where metformin
is the recommended first-line therapy for T2DM [25]. The treatment pattern is also con-
sistent with typical public healthcare practice in South Africa, where oral medications
are widely used due to cost and accessibility [26,27]. However, the relatively high use
of insulin suggests that a proportion of patients may have more advanced disease or
poorer glycaemic control, possibly linked to late diagnosis in peri-urban communities [28].
Metformin has been widely reported to modify gut microbiota composition by enriching
SCFA-producing bacterial taxa and enhancing microbial fermentation, thereby influencing
fecal SCFA concentrations independently of diabetes status [25]. Consequently, the rela-
tively high proportion of participants receiving metformin therapy may partly explain the
unexpectedly higher fecal SCFA concentrations observed in the T2DM group in the present
study. This possibility should therefore be considered when interpreting the observed
differences between diabetic and non-diabetic participants. Although medication use was
documented, subgroup analyses by treatment category were not performed because the
small sample sizes within each treatment group limited the statistical power to detect
meaningful differences in fecal SCFA concentrations. In addition, other important de-
terminants of gut microbial metabolism, including body mass index (BMI) and dietary
fibre intake, were not systematically collected and could not be included in the statistical
analyses. Therefore, future studies with larger sample sizes should conduct treatment-
specific subgroup analyses and incorporate comprehensive dietary assessments, BMI, and
detailed medication histories to better distinguish the effects of diabetes from those of
pharmacological therapy on gut microbiota composition and SCFA production.

Consistent with this clinical profile, glycaemic control was markedly poorer in the
diabetic group, as evidenced by significantly elevated HbA1c levels compared to non-
diabetic participants (8.3% vs. 5.3%, p < 0.001). Within this framework, the relationship
between fecal SCFAs and HbA1c showed divergent, though non-significant, patterns
across groups. In the non-diabetic group, SCFAs showed weak inverse correlations with
HbA1c, suggesting a trend whereby higher SCFA concentrations may be associated with
improved glycaemic regulation. This directionality is biologically plausible, given the
established role of SCFAs in enhancing insulin sensitivity, stimulating GLP-1 secretion,
and modulating inflammatory pathways. Despite this, none of the observed associations
attained statistical significance (p > 0.05), consistent with findings from previous studies,
indicating that these trends may reflect subtle physiological variation rather than robust
metabolic relationships [29,30]. Among the SCFAs, pentanoic (valeric) acid showed the
strongest, although still non-significant, inverse correlation, supporting emerging evidence
that less-studied SCFAs may contribute to glucose homeostasis through complementary
metabolic pathways.

In contrast, the diabetic group demonstrated a shift toward weak positive correlations
between SCFAs and HbA1c, implying that higher SCFA levels may coincide with poorer
glycaemic control in this group. Although these associations were also non-significant,
this directional reversal is noteworthy and may reflect underlying metabolic dysregulation
characteristics of T2DM, including altered gut microbiota composition, impaired SCFA util-
isation, or reduced host responsiveness to SCFA signalling. Supporting this interpretation,
previous studies have reported positive associations between fecal SCFAs and glycaemic
indices in metabolically compromised populations, suggesting that elevated SCFAs in such
contexts may represent a compensatory response or a marker of disrupted microbial-host
interactions rather than a protective effect [31,32].
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Limitations

This study has several limitations. First, samples were not analyzed immediately
after derivatization, and complete prevention of diethyl ether (DE) evaporation during
extraction could not be ensured. This may have impacted short-chain fatty acid (SCFA)
quantification, particularly for low-abundance metabolites (e.g., hexanoic and heptanoic
acids), potentially causing underestimation or increased variability. Second, comprehensive
dietary and BMI data were not available for all participants, limiting the ability to assess
the influence of diet, adiposity, and other lifestyle factors on fecal SCFA concentrations.
Furthermore, because participants with T2DM were recruited from a hospital clinic whereas
controls were recruited from the surrounding community, unmeasured differences between
the groups may have contributed to the observed variations in fecal SCFA concentrations.
Therefore, residual confounding cannot be excluded when interpreting the findings. Third,
the unequal sample sizes between the non-diabetic and T2DM groups resulted from the
availability of eligible participants during recruitment and may have influenced statistical
power and variance estimates. Although statistical methods appropriate for unequal group
sizes were applied, the findings should be interpreted with caution, and future studies with
larger and more balanced cohorts are recommended to validate these observations. Lastly,
all participants in this study were black South Africans, limiting the generalizability of the
findings to other racial and ethnic groups in South Africa.

6. Conclusions
This study provides a robust analytical and clinical characterization of fecal SCFA

profiles in individuals with T2DM and non-diabetic controls within a South African cohort.
Using BSTFA derivatization coupled with GC–MS, both major (acetic, propionic, and bu-
tyric acids) and minor SCFAs were reliably quantified, confirming the method’s suitability
for comprehensive metabolite profiling. While the concentrations of most SCFA remained
comparable between the study groups, a significant difference was observed for butyric
acid, which was elevated in the T2DM cohort. This finding suggests that, although the
overall SCFA profile appeared relatively stable, butyrate metabolism may be altered in
individuals with T2DM and warrants further investigation.

Importantly, the lack of significant associations between fecal SCFAs and HbA1c,
alongside weak and directionally divergent correlation trends, indicates that fecal SCFA
concentrations alone may not serve as reliable biomarkers of glycaemic control. Rather,
these metabolites likely reflect a complex interplay between gut microbiota composition,
host metabolism, and external modifiers such as diet and pharmacotherapy.

The findings of this study extend beyond describing SCFA concentrations and un-
derscore the potential clinical and public health relevance of gut microbial metabolites in
T2DM. Fecal SCFAs may serve as promising non-invasive biomarkers of metabolic health,
while interventions designed to modulate SCFA production through diet or microbiota-
targeted approaches could represent future strategies for T2DM management. These results
also contribute valuable evidence from an underrepresented South African population,
supporting the development of locally relevant approaches to diabetes prevention and care.

Building on these findings, future studies should incorporate dietary profiling, micro-
bial compositional analysis, and longitudinal designs to better elucidate the functional role
of SCFAs in T2DM pathophysiology, particularly in underrepresented African populations.

Supplementary Materials: The following supporting information can be downloaded at:
https://www.mdpi.com/article/10.3390/diabetology7080142/s1, Supplementary Table S1: Sum-
mary of percentage recovery per each SCFA.
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