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ABSTRACT
Background:  Gut microbiome (GM) dysbiosis and altered circulating free fatty acid (FFA) profiles 
have been implicated in cardiovascular diseases (CVDs), including systemic arterial hypertension 
(SAH) and ST-segment elevation myocardial infarction (STEMI). This study evaluated serum short-, 
medium-, and long-chain fatty acids (SCFAs, MCFAs, and LCFAs) in patients with SAH and STEMI 
compared with healthy controls (HCs), aiming to identify candidate biomarkers and potential 
mechanistic links between FFAs, the GM, and cardiovascular health.
Methods:  Serum samples from 47 STEMI patients, 17 SAH patients, and 28 HCs were analysed 
using gas chromatography–mass spectrometry.
Results:  Principal coordinates analyses (PCoA) showed significant group separation based on FFA 
profiles. Both STEMI and SAH patients exhibited increased total SCFA levels, with higher acetic, 
propionic, 2-methylbutyric, and isovaleric acids compared with HCs. Conversely, STEMI patients 
showed reduced isobutyric and valeric acids versus both HCs and SAH, and lower 2-methylbutyric 
acid relative to SAH. STEMI patients also had lower total MCFA levels, mainly due to reduced 
octanoic acid, while both patient groups showed increased hexanoic acid versus HCs. Additionally, 
STEMI patients showed elevated hexadecanoic acid and reduced octadecanoic acid compared 
with the other groups.
Sparse partial least squares discriminant analysis (sPLS-DA) confirmed distinct FFA signatures: 
STEMI was characterised by increased propionic, hexadecanoic, and tetradecanoic acids, whereas 
SAH showed reduced isovaleric, 2-methylbutyric, hexanoic, and isobutyric acids.
Conclusions:  These findings indicate disease-specific circulating FFA patterns that may reflect 
metabolic alterations and underlying pathophysiological mechanisms.

1.  Introduction

Free fatty acids (FFAs) are non-esterified fatty acids 
that serve as an important energy source for cells and 
tissues. They are classified as saturated or unsaturated 
depending on the presence of double bonds and are 
further categorised by carbon-chain length into 
short-chain fatty acids (SCFAs, C2–C5), medium-chain 
fatty acids (MCFAs, C6–C12), and long-chain fatty acids 
(LCFAs, C13–C20) [1]. SCFAs are primarily produced by 

the gut microbiome (GM) and are largely metabolised 
by enterocytes; however, a small fraction reaches the 
circulation, where SCFAs exert well-documented 
anti-inflammatory effects that support systemic health 
[2]. By contrast, MCFAs and LCFAs are mainly 
diet-derived, particularly from certain plant oils and 
daily products, and act as regulators of energy metab-
olism, gene expression, ion channels and pumps, 
membrane trafficking, and immune processes [3–5]. 
Recent evidence links imbalances in GM composition 
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and function to the onset and progression of various 
disorders, including cardiovascular diseases (CVDs). 
Through the gut-hearth axis, GM-derived metabolites 
such as trimethylamine-N-oxide, bile acids and SCFAs 
can influence cardiovascular physiology [6]. Notably, 
dietary fibre intake and shifts in GM composition are 
major determinants of SCFA levels and, consequently, 
of inflammation-related CVD risk [7]. For instance, both 
SCFA concentrations and the abundance of 
SCFA-producing bacteria are reduced in patients with 
systemic arterial hypertension (SAH), a condition often 
associated with low dietary fibre intake [8]. Conversely, 
interventions that increase circulating SCFA levels have 
been shown to improve arterial compliance [9]. In the 
context of myocardial infarction, SCFAs may help pre-
vent atherosclerosis by promoting regulatory T cell 
expansion, inhibiting histone deacetylases, and modu-
lating lipid metabolism [10].

MCFAs have therapeutic applications in malabsorp-
tion syndromes owing to their favourable metabolic 
properties. In animal models, MCFA supplementation 
reduces fat deposition and improves glucose tolerance, 
demonstrating antidiabetic effects [11]. MCFAs have also 
been reported to improve systolic function and attenu-
ate hypertrophy in type 2 diabetes mellitus (T2DM), 
suggesting potential cardiovascular benefits [12].

In contrast, many LCFAs are associated with adverse 
metabolic effects, including reduced insulin sensitivity 
and dysregulated lipid metabolism. Certain LCFAs can 
promote vascular dysfunction and insulin resistance via 
increased inflammation, activation of stress-related sig-
nalling pathways, and ectopic lipid accumulation [13].

Given that FFAs are promising candidate biomarkers 
of metabolic and cardiovascular health, this study aims 
to characterise circulating FFA profiles in patients with 
SAH and ST-segment elevation myocardial infarction 
(STEMI), compared with healthy controls (HC).

2.  Materials and methods

2.1.  Study participants

Adult patients with a confirmed diagnosis of primary 
SAH or STEMI within 24 h of symptom onset were 
recruited from the Coronary Care Unit of the Instituto 
Nacional de Cardiologia ‘Ignacio Chávez’ (Mexico City, 
Mexico). Exclusion criteria for STEMI patients included 
prior reperfusion or thrombolytic therapy, while second-
ary hypertension was an exclusion criterion for SAH 
patients. Additional exclusion criteria applicable to all 
participants included chronic heart failure, active infec-
tions, neoplastic, autoimmune, or other chronic disor-
ders; pregnancy or the puerperium; use of prebiotics, 

probiotics, or antibiotics within the 3 months prior to 
enrolment; and treatment with immunosuppressants or 
glucocorticoids within the preceding 30 days. All patients 
were excluded if they had chronic heart failure, active 
infections, neoplastic, autoimmune or other chronic dis-
orders; if they were pregnant or in the puerperium; is 
they assumed prebiotics, probiotics or antibiotics during 
the 3 months before enrolment, or if they had used 
immunosuppressants or glucocorticoids within the pre-
vious 30 days. In addition, adult volunteers aged 
≥18 years residing in Mexico City or its metropolitan 
area were enrolled as healthy controls (HC). Inclusion 
criteria for HCs included the absence of any diagnosed 
medical condition and a body mass index (BMI) <25 kg/
m2. After providing written informed consent, all candi-
dates underwent screening to confirm stable vital signs, 
a normal electrocardiogram, and normal capillary glu-
cose, total cholesterol, and triglyceride levels.

The study was approved by the Ethics and Scientific 
Committees of the Instituto Nacional de Cardiología 
‘Ignacio Chávez’ (protocol number 2018-41) and the 
Faculty of Medicine of the Universidad Nacional 
Autónoma de México (FM/DI/030/SR/2019) and was 
conducted in accordance with the Declaration of 
Helsinki and Good Clinical Practice guidelines.

2.2.  Circulating short, medium and long chain 
fatty acids evaluation by GC-MS analysis

FFAs, namely circulating SCFAs (acetic, propionic, 
butyric, isobutyric, 2-methylbutyric, isovaleric and 
valeric acids), MCFAs (hexanoic, isohexanoic, octanoic, 
decanoic and dodecanoic acids) and LCFAs (tetradeca-
noic, hexadecanoic and octadecanoic acids), were ana-
lysed using an Agilent gas chromatography-mass 
spectrometry (GC– MS) system composed of an HP 
5971 single quadrupole mass spectrometer, an HP 
5890 gas chromatograph, and an HP 7673 autosam-
pler, following previously described protocols [14,15]. 
Briefly, each sample was thawed and FFAs were 
extracted as follows: 200 μl of serum sample was mixed 
with 10 μl of internal standard mixture, 100 μl of tert–
butyl methyl ether, and 20 μl of 6 M HCl + 0.5 M NaCl 
solution in a 0.5 mL centrifuge tube. Tubes were vor-
texed for 2 min and centrifuged at 10,000 rpm for 
5 min; the solvent layer was then transferred to a 
GC-MS vial fitted with a microvolume insert for analysis.

2.3.  Statistical analysis

All statistical analyses were performed in R 4.2 using 
the packages stats (v.4.2.2), vegan (v.2.6.2), MixOmics 
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(v.6.20.0) and other packages satisfying their depen-
dencies. Data visualisation was carried out using 
ggplot2 (v.3.4.0). Differences in FFA levels between 
STEMI, SAH and HC groups were assessed using the 
Kruskal-Wallis test. Principal coordinates analysis (PCoA) 
was performed on Bray-Curtis dissimilarities of propor-
tional abundances, and group differences were evalu-
ated using permutation tests (PERMANOVA and 
Betadisper).

3.  Results

3.1.  Enrolled patients

A total of 92 participants, 63 males and 29 females 
aged 23–70 years, were enrolled and classified into 
three study groups: HC (n = 28), STEMI (n = 47), and 
SAH (n = 17).

All participants underwent clinical evaluation, and 
comorbidities such as overweight/obesity, T2DM, dys-
lipidemia, smoking, and alcohol consumption, were 
recorded. Regarding lipid profiles, patients with SAH 
exhibited borderline elevations in total cholesterol and 
triglyceride levels. In addition, both STEMI and SAH 
patients had low c-HDL and elevated c-LDL concentra-
tions, according to the 2019 ESC/EAS guidelines [16]. 
Detailed clinical characteristics of each study group are 
presented in Table 1.

3.2.  Evaluation of serum FFAs profiles

Exploratory descriptive analyses were first performed 
on the marginal distributions of circulating FFAs (Table 
S1). Because absolute FFA concentrations can bias 
comparisons, subsequent analyses were conducted 
using the percentage composition of FFAs. PCoAs 
based on the Bray-Curtis dissimilarity index revealed 
significant differences (Table S2) among HC, STEMI and 
SAH groups for SCFA (Figure 1A), MCFA (Figure 1B) and 
LCFA (Figure 1C) profiles.

Focusing on individual FFAs, both STEMI and SAH 
patients exhibited increased total SCFAs and higher 
relative abundances of acetic, propionic, 2-methylbutyric 
and isovaleric acids compared with HC. In addition, 
STEMI patients showed reduced isobutyric and valeric 
acids relative to both HC and SAH patients, and lower 
2-methylbutyric acid levels than SAH patients (Figure 
2A, Table S3).

Regarding MCFAs, STEMI patients displayed signifi-
cantly lower total MCFA levels and reduced octanoic 
acid concentrations compared with both HC and SAH 
groups. HC exhibited higher isohexanoic acid levels 
than STEMI patients and higher decanoic and dodeca-
noic acids than SAH patients. Both STEMI and SAH 
patients had significantly higher hexanoic acid levels 
than HC (Figure 2B, Table S3).

For LCFAs, HC exhibited higher total LCFA levels and 
increased octadecanoic acid concentrations compared 
with STEMI and SAH groups. Conversely, STEMI patients 
showed elevated hexadecanoic acid and decreased 
octadecanoic acid levels relative to both HC and SAH 
groups (Figure 2C, Table S3).

To assess group separation and identify discrimi-
nant features, a sparse partial least squares discrimi-
nant analysis (sPLS-DA) was performed using FFA data 
from STEMI and SAH patients and HCs. The resulting 
plot revealed a distinct shift in FFA profiles among 
groups (Figure 3A) and the specific FFAs contributing 
most to this separation are shown in Figure 3B. The 
STEMI group was characterised by increased propionic, 
hexadecanoic, and tetradecanoic acids, whereas the 
SAH group exhibited decreased isovaleric, 
2-methylbutyric, hexanoic, and isobutyric acids. In con-
trast, the HCs were characterised by lower levels of 
isohexanoic, octadecanoic, and octanoic acids.

To explore potential clinical associations, Spearman 
correlation analyses were conducted between circulat-
ing FFAs and lipid biochemical parameters.

Acetic and 2-methylbutyric acids were negatively 
correlated with triglycerides, whereas decanoic acid 

Table 1. C linical characteristics of enrolled participants.
HC STEMI SAH

Comorbidities
 O besity 0 (0.0%) 15 (31.9%) 14 (82.4%)
 O verweight 0 (0.0%) 25 (53.2%) 3 (17.6%)
  Hypertension 0 (0.0%) 18 (39.1%) 17 (100.0%)
 T 2DM 0 (0.0%) 19 (41.3%) 0 (0.0%)
 D yslipidemia 6 (21.4%) 7 (14.9%) 12 (70.6%)
  Smoking 0 (0.0%) 22 (47.8%) 4 (25.0%)
  Alcoholism 0 (0.0%) 20 (43.5%) 11 (73.3%)
Lipid Biochemical Profile
 T otal Cholesterol (mg/dL) 174.00 ± 27.34 166.72 ± 48.15 192.75 ± 36.63
 T riglycerides (mg/dL) 76.35 (65.20–120.25) 128.50 (110.50–160.50) 183.20 (107.30–239.50)
  c-HDL (mg/dL) 54.05 (45.23–60.12) 35.80 (30.60–44.50) 38.90 (30.20–44.10)
  c-LDL (mg/dL) 109.98 ± 25.52 111.37 ± 40.95 121.49 ± 36.06

https://doi.org/10.1080/00015385.2026.2704761
https://doi.org/10.1080/00015385.2026.2704761
https://doi.org/10.1080/00015385.2026.2704761
https://doi.org/10.1080/00015385.2026.2704761
https://doi.org/10.1080/00015385.2026.2704761
https://doi.org/10.1080/00015385.2026.2704761
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was positively correlated with total cholesterol and 
c-LDL. In addition, hexadecanoic acid exhibited nega-
tive correlations with triglycerides and total cholesterol 
(Figure 4A).

Within the STEMI group, octanoic, dodecanoic and 
tetradecanoic acids were positively correlated with tri-
glycerides (Figure 4B), while no significant correlations 
were observed in the SAH group (Figure 4C).

4.  Discussion

FFAs have recently emerged as important regulators of 
human health because of their role in the crosstalk 
between metabolic status and the immune system 
[17]. Notably, our previous studies documented altered 
FFA profiles in several immune-related diseases, includ-
ing coeliac disease [18], Crohn’s disease [19], pemphi-
gus vulgaris [20], amyotrophic lateral sclerosis [21] and 
systemic sclerosis [22,23].

In addition to classic lipid indicators such as choles-
terol and lipoproteins, changes in plasma FFA concentra-
tions in patients with T2DM have been closely associated 
with the development of insulin resistance and impli-
cated in vascular endothelial damage as well as the 
onset and progression of atherosclerosis [24]. Moreover, 
GM dysbiosis, characterised by reduced microbial diver-
sity and overrepresentation of pro-inflammatory taxa, 
has been increasingly linked to CVDs, with SCFAs playing 
crucial roles in disease pathogenesis [25].

In this context, we recently observed altered circu-
lating FFA profiles in patients with STEMI, including 
increased abundances of isobutyric and 2-methylbutyric 
acids relative to healthy subjects [26].

Therefore, in the present study we evaluated 
whether circulating FFAs provide informative meta-
bolic signatures in patients with STEMI and SAH and 
in HCs. In detail, PCoA revealed clear separation of 
SCFA, MCFA and LCFA profiles across groups, with 

Figure 1.  Principal component analysis (PCoA) conducted with the Bray–Curtis dissimilarity index revealed significant differences 
in the circulating SCFA (A), MCFA (B) and LCFA (C) profiles among STEMI, SAH and HC groups.
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distinct FFA signatures characterising STEMI and SAH 
patients.

Both STEMI and SAH patients exhibited increased total 
SCFAs and higher relative abundances of acetic, propionic, 

2-methylbutyric and isovaleric acids compared with HCs. 
STEMI patients additionally showed reduced isobutyric 
and valeric acids relative to both HCs and SAH patients, 
and lower 2-methylbutyric acid levels than SAH patients.

Figure 2.  Box plots showing differences in the serum SCFA (A), MCFA (B) and LCFA (C) abundances among HC, STEMI and SAH 
groups. Statistical comparisons were performed using the Kruskal-Wallis test, followed by Dunnett’s pairwise comparisons with 
through Benjamini-Hochberg correction. Asterisks (*) represent p adjusted values *p < 0.05, **p < 0.01, ***p < 0.001.
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SCFAs are gut-derived metabolites that exert 
anti-inflammatory and trophic effects within the intes-
tinal lumen; however, their biological impact depends 
on local versus systemic distribution. Faecal SCFA 
reductions are commonly associated with gut dysbio-
sis and decreased abundance of SCFA-producing taxa 
such as Bifidobacterium spp. and members of the 
Lachnospiraceae family [27]. By contrast, increases in 
circulating SCFAs may reflect enhanced translocation 
across a compromised intestinal barrier (‘leaky gut’). 
For instance, Zhao and colleagues reported elevated 
circulating SCFA levels and increased ZO-1 levels in 
T2DM patients versus HCs, findings the authors inter-
preted as consistent with increased intestinal permea-
bility in T2DM [28].

Consistent with our observations, increased serum 
butyric acid levels have been reported in STEMI 
patients [29], and accumulating evidence suggest that 
SCFAs influence blood pressure regulation [30]. The 
functional roles of SCFA-responsive G protein–coupled 
receptors (GPRs) can be inferred from changes in their 
expression across physiological conditions. Nakai and 
colleagues examined GPR41, GPR43, and GPR109A in 
immune cells from hypertensive and normotensive 
individuals and found that while GPR41 and GPR109A 
were unchanged, GPR43 was markedly reduced in 
hypertensive subjects and strongly negatively cor-
related with blood pressure [31]. These subjects also 
exhibited elevated plasma acetate and butyrate, sug-
gesting that increased circulating SCFAs may not 

Figure 3.  A) sPLS-DA analysis of circulating FFA abundances in STEMI and SAH patients and Score plot showing the separation 
of samples according to outcome groups. B) Contribution of specific FFA to group discrimination.

Figure 4. C orrelation plot between FFAs and lipid biochemical profiles in HC (A), STEMI (B) and SAH (C) groups. Asterisks (*) 
represent p values *p < 0.05, **p < 0.01, ***p < 0.001.
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produce blood-pressure-lowering effects when GPR43 
is downregulated [32,33].

Regarding MCFAs, hexanoic acid was elevated in 
both STEMI and SAH patients and correlated positively 
with total cholesterol and triglycerides in STEMI 
patients, suggesting a potential pro-atherogenic or 
pro-inflammatory role in this clinical context. These 
observations align with previous studies indicating 
that specific MCFAs engage receptors such as GPR84, 
which display context-dependent actions: improving 
metabolic parameters in some experimental models 
but promoting inflammation and fibrogenesis in oth-
ers [34–36]. Conversely, decanoic acid was decreased 
in STEMI and SAH patients versus HCs; given evidence 
for its antioxidant and potential cardioprotective prop-
erties, this reduction may reflect loss of a protective 
MCFA-mediated signal during disease [37].

For LCFAs, STEMI patients displayed increased hexa-
decanoic acid and decreased octadecanoic acid com-
pared with both HC and SAH groups. Consistently, 
Chen and colleagues reported elevated hexadecanoic 
acid, a recognised risk factor for atherosclerosis, in a 
Chinese cohort of premature coronary artery disease 
patients [38]. Because some saturated LCFAs are linked 
to insulin resistance, inflammation, and vascular dys-
function, the LCFA pattern observed in STEMI is com-
patible with a shift towards a more atherogenic profile 
that may reflect dietary influences or disease-associated 
lipid remodelling [39].

Multivariate modelling (sPLS-DA) confirmed that dis-
tinct combinations of FFAs discriminate STEMI and 
SAH: STEMI was enriched for propionic, tetradecanoic 
and hexadecanoic acids, whereas SAH was character-
ised by lower isovaleric, isobutyric, 2-methylbutyric 
and hexanoic acids. These composite signatures imply 
that single-FFA measurements are unlikely to capture 
the full metabolic perturbation and that panel-based 
profiling may offer a more informative biomarker 
approach.

Notably, diet strongly influences FFA patterns: the 
traditional Mexican diet (centred on maize and beans) 
differs substantially from Western diets [40], and ongo-
ing urbanisation towards Westernised eating habits 
likely shifts FFA distributions and their health 
effects [41].

Overall, this study is limited by a small patient 
cohort, lack of dietary assessment, and absence of GM 
characterisation in both patients and controls. 
Nevertheless, to our knowledge this is the first report 
documenting substantially altered circulating FFA pro-
files in STEMI and SAH patients, suggesting that micro-
bial metabolites may contribute to cardiometabolic 
pathology. Longitudinal, mechanistic, and 

diet-integrated studies are needed to establish causal-
ity, validate FFA biomarker panels, and assess thera-
peutic approaches (e.g. increased dietary fibre intake, 
pre/probiotics, or targeted lipid interventions).
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