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A B S T R A C T   

Background: Metabolic changes induced by the host immune response to pathogens found in patients with 
community-acquired pneumonia (CAP) may provide insight into its pathogenesis. In this study, we characterized 
differences in the host metabolic response to common CAP-associated pathogens. 
Method: Targeted metabolomic profiling was performed on serum samples obtained from hospitalized CAP pa-
tients (n = 119) at admission. We quantified 347 unique metabolites across multiple biochemical classes, 
including amines, acylcarnitines, and signaling lipids. We evaluated if unique associations between metabolite 
levels and specific CAP-associated pathogens could be identified. 
Results: Several acylcarnitines were found to be elevated in C. burnetii and herpes simplex virus and lowered in 
M. pneumoniae as compared to other pathogens. Phenylalanine and kynurenine were found elevated in 
L. pneumophila as compared to other pathogens. S-methylcysteine was elevated in patients with M. pneumoniae, 
and these patients also showed lowered cortisol levels in comparison to almost all other pathogens. For the 
herpes simplex virus, we observed a unique elevation of eicosanoids and several amines. Many lysophosphati-
dylcholines showed an altered profile in C. burnetii versus S. pneumoniae, L. pneumophila, and respiratory syn-
cytial virus. Finally, phosphatidylcholines were negatively affected by the influenza virus in comparison to 
S. pneumoniae. 
Conclusions: In this exploratory analysis, metabolites from different biochemical classes were found to be altered 
in serum samples from patients with different CAP-associated pathogens, which may be used for hypothesis 
generation in studies on differences in pathogen host response and pathogenesis of CAP.   

1. Introduction 

Community-acquired pneumonia (CAP) is a common infection of the 
lower respiratory tract, caused by bacterial or viral pathogens [1]. 
Causative pathogens that are commonly found in CAP patients include 
Streptococcus pneumoniae, respiratory viruses, Haemophilus influenzae, 
and, to a lesser extent Mycoplasma pneumoniae and Legionella pneumo-
phila [1–3]. CAP is associated with high mortality and morbidity, 
especially in the elderly [4,5], and with distinct differences in clinical 
outcomes between different CAP-associated pathogens [6,7]. 

There is an increasingly recognized role of the patient-associated 

host metabolic response to infection and its association with overall 
innate immune system activation and clinical outcomes [8–10]. Previ-
ous studies have found distinct effects of this host metabolic response in 
COVID-19 and sepsis [11–14]. We previously evaluated the discrimi-
natory power of host-associated metabolites to support the microbial 
diagnosis of CAP and identified metabolic biomarkers to support the 
diagnosis of atypical bacterial pathogens [15]. 

In this study, we aimed to further characterize the differential 
metabolic host response associated with distinct CAP-associated path-
ogens, which may support understanding the role of metabolic changes 
in the pathogenesis associated with specific pathogens. To this end, we 
quantified 347 unique metabolites in 119 serum samples taken at 
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hospital admission from patients with CAP and studied their association 
with the pathogens found in these patients. 

2. Materials and methods 

2.1. Study population 

We analyzed previously collected serum samples obtained from 119 
hospitalized patients with CAP, obtained as part of two previously 
conducted clinical studies executed between October 2004 and 
September 2010 and collected within 24 h after hospital admission [2, 
16]. For all patients, microbial disease etiology was confirmed using 

conventional diagnostic methods such as culturing, PCR, and urinary 
antigen tests. Inflammatory markers such as CRP and leukocyte counts 
were also available. Most patients (80%) were diagnosed with bacterial 
infections and the sample size per pathogen varied between 3 and 48 
samples. Pathogen groups, a group of patients in which the same path-
ogen was found, including only one patient were excluded. The patient 
distribution per pathogen showed no significant differences in sex and 
pneumonia severity index (PSI) score. However, the mean age differed 
significantly between pathogen groups (p < 0.05). All patients that 
participated in the previous clinical studies provided informed consent 
for the secondary use of their materials. Data were handled in an ano-
nymized way. An overview of the patient characteristics is provided in 

Abbreviations 

AHR aryl-hydrocarbon receptor 
aLEA alpha-linolenoyl ethanolamide 
ANOVA analysis of variance 
BH4 tetrahydrobiopterin 
C. burnetii Coxiella burnetii 
C. psittaci Chlamydophila psittaci 
CAP community-acquired pneumonia 
CNS central nervous system 
COPD chronic obstructive pulmonary disease 
COX cyclooxygenase 
CRP C-reactive protein 
DEA docosatetraenoyl ethanolamide 
DGLEA dihomo-gamma-linolenoyl ethanolamide 
EA ethanolamine 
FC fold change 
FDR false discovery rate 
Gln glutamine 
Glu glutamic acid 
HPA axis hypothalamic–pituitary–adrenal axis 
HSV herpes simplex virus 
IDO indoleamine-2,3-dioxygenase 
L. pneumophilia Legionella pneumophilia 
LCAC long-chain acylcarnitine 
LOX lipoxygenase 
LPC lysophosphatidylcholine 
LPE lysophosphatidylethanolamine 

LPI lysophosphatidylinositol 
LPS lysophosphatidylserine 
M. pneumoniae Mycoplasma pneumoniae 
MCAC medium-chain acylcarnitine 
NMDA N-methyl-D-aspartate 
NOS nitric oxide synthase 
NSAID non-steroidal anti-inflammatory drugs 
PC phosphatidylcholine 
PCA principal component analysis 
PGE2 prostaglandin E2 
PGF2a prostaglandin F2 alpha 
Phe phenylalanine 
PLA2 phospholipase A2 
POEA palmitoleoyl ethanolamide 
PSI Pneumonia Severity Index 
PUFA polyunsaturated fatty acids 
q p-adjusted significance 
ROS reactive oxygen species 
RS virus respiratory syncytial virus 
S. pneumoniae Streptococcus pneumoniae 
SCAC short-chain acylcarnitine 
SDMA symmetric dimethylarginine 
TDO tryptophan-2,3-dioxygenase 
TriHOME 9,10,13-TriHOME 
Trp tryptophan 
TXB2 thromboxane B2 
Tyr tyrosine  

Table 1 
Patient characteristics per CAP-associated pathogen.  

Patient characteristic S. pneumoniae L. pneumophila C. burnetii C. psittaci M. pneumoniae Influenza virus HS virus RS virus Parainfluenza virus 

(n = 48) (n = 18) (n = 17) (n = 7) (n = 5) (n = 11) (n = 6) (n = 4) (n = 3) 

Age (years) * 
Mean (SD) 62.2 (18.9) 62.9 (12.5) 47.4 (10.0) 62.6 (14.5) 38.8 (10.4) 67.0 (15.9) 71.3 (18.6) 69.3 (25.9) 83.3 (5.77) 
Sex 
Male 22 (45.8%) 13 (72.2%) 14 (82.4%) 5 (71.4%) 2 (40.0%) 9 (81.8%) 5 (83.3%) 2 (50.0%) 2 (66.7%) 
PSI score 
<50 9 (18.8%) 0 (0%) 5 (29.4%) 1 (14.3%) 3 (60.0%) 1 (9.1%) 0 (0%) 1 (25.0%) 0 (0%) 
51–70 7 (14.6%) 3 (16.7%) 9 (52.9%) 0 (0%) 1 (20.0%) 3 (27.3%) 1 (16.7%) 0 (0%) 0 (0%) 
71–90 5 (10.4%) 6 (33.3%) 1 (5.9%) 2 (28.6%) 1 (20.0%) 1 (9.1%) 1 (16.7%) 1 (25.0%) 0 (0%) 
91–130 23 (47.9%) 7 (38.9%) 1 (5.9%) 4 (57.1%) 0 (0%) 6 (54.5%) 2 (33.3%) 1 (25.0%) 2 (66.7%) 
131> 4 (8.3%) 2 (11.1%) 1 (5.9%) 0 (0%) 0 (0%) 0 (0%) 2 (33.3%) 1 (25.0%) 1 (33.3%) 
Duration of symptoms before admission * 
Mean (SD) 4.06 (3.03) 5.11 (1.23) 5.06 (1.71) 4.14 (2.04) 13.4 (16.1) 4.45 (2.34) 5.17 (4.45) 6.50 (5.07) 4.00 (2.65) 
CRP upon admission 
Mean (SD) 265 (166) 306 (90.8) 233 (115) 272 (110) 145 (86.0) 207 (87.9) 271 (121) 289 (135) 220 (142) 
Leukocyte count upon admission* 
Mean (SD) 16.9 (5.99) 13.0 (4.24) 9.49 (1.56) 10.7 (5.03) 10.5 (3.29) 10.1 (4.93) 15.3 (4.89) 14.2 (7.94) 13.7 (9.30) 

* Significant difference between pathogens (p-value <0.05). Abbreviations: HS: herpes simplex; RS: respiratory syncytial; PSI: pneumonia severity index; CRP: C- 
reactive protein; SD: standard deviation. 
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Table 1 and additional information is available in Table A1. 

2.2. Bioanalytical procedures 

Metabolomic profiling was performed by the Biomedical Metab-
olomics Facility of Leiden University (BMFL), Leiden, The Netherlands. 
Details of the bio-analytical procedures are described elsewhere [15]. 
Briefly, the serum samples were quantitatively analyzed using five 
liquid- and one gas-chromatography methods coupled to mass spec-
trometry detectors, with a total coverage of 596 metabolite targets from 
25 biochemical metabolite classes such as organic acids, amino acids, 
biogenic amines, acylcarnitines, and lipids. Following data integration 
and quality control steps, 347 unique metabolites were reported and 
underwent statistical analysis. 

2.3. Data analysis 

The metabolite levels were log-transformed and standardized prior 
to statistical analysis. Biological and biochemical relevant sums and 
ratios of metabolites (Table A.2) were calculated from the raw metab-
olite data and were added as variables to the dataset, undergoing the 
same analysis together with metabolites. 

Exploratory data analysis was performed using principal component 
analysis (PCA). To identify differences in metabolite levels between 
pathogens, we performed analysis of variance (ANOVA) with a false 
discovery rate (FDR) multiple testing correction. P-adjusted significant 
metabolites (q < 0.1) were tested with Tukey’s posthoc test to identify 
which pathogen groups the metabolite was able to distinguish between. 
In addition to the significance threshold, we applied a cutoff of >20% 
fold change between the medians of the raw metabolite levels of each 
group. 

All data analysis was performed using R. The scripts used for the data 
analysis are available on GitHub at http://github.com/vanhasseltl 
ab/MetabolicHostResponseToCAP. 

3. Results and discussion 

3.1. Metabolic markers differentiate between pathogens 

The metabolomics analysis of the patient serum samples yielded 347 
quantifiable unique metabolites from different biochemical metabolite 
classes. No visible separation between samples obtained from patients 
infected by the various pathogens was apparent using PCA (Fig. A.1). 
Systematic analysis of individual metabolites for a specific pathogenic 
species yielded 64 unique metabolites that were significantly altered 
(ANOVA, q < 0.1 and FC > 20%) as compared to other pathogenic 
species (Figs. 1–5). All significant results are shown together in Fig. A.3 
and Table A.3. Large variation in group size for specific pathogenic 
species (n = 3–48) and large within pathogen species group variation 
was present (Fig. A.2), limiting the ability to identify associations be-
tween metabolites and specific pathogenic species. Nonetheless, 
although often not statistically significant, trends between groups of 
metabolites and specific pathogenic species were apparent, which is why 
we have maintained these in visualization for each metabolic class 
(Figs. 1–4). The discriminating metabolites belong to different 
biochemical classes. The results are reported by biochemical class to 
allow focused biochemical discussion. Fig. 5 provides a comprehensive 
qualitative overview of the main associations between pathogen species 
and metabolites within their biochemical context. 

3.1.1. Carnitine and acylcarnitines 
We identified significant differences in carnitines between serum 

samples of CAP patients that carried the pathogens C. burnetii, herpes 
simples virus (HSV), or M. pneumoniae compared to CAP patients with 
other pathogens (Fig. 1). The most consistent and statistically significant 
differences were found in patients with C. burnetii compared to patients 
with L. pneumophila or S. pneumoniae infections. Patients with C. burnetii 
showed 60–80% elevated long-chain acylcarnitines (LCAC), leading to a 
2-fold lower ratio of free carnitine/total acylcarnitines. Changes in 
acylcarnitines can be related to mitochondrial energy production shifts 
between glycolysis and beta-oxidation of long-chain fatty acids [17,18]. 
Naturally, such shifts depend on the glucose stores and the availability of 
carnitine as a limiting factor. 

Fig. 1. Fold changes of carnitine and acylcarnitines as median values per pathogen group compared to CAP patients with other pathogens. Significant differences (q 
< 0.1 and FC > 20%) are marked with a green star. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of 
this article.) 
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We observed increased levels of carnitine and short-chain acylcar-
nitines (SCAC) for L. pneumophila vs. C. burnetii and M. pneumophila. 
Elevated carnitine and short-chain acylcarnitines suggest successful 
fatty acid beta-oxidation. Conversely, we also saw elevated mid-chain 
acylcarnitines (MCAC), most pronounced in patients with herpes sim-
plex virus versus C. burnetii. MCAC could indicate incomplete beta- 

oxidation of long-chain fatty acids and may be related to mitochon-
drial dysfunction in the diseased state [19]. In contrast, LCAC were 
elevated mainly in patients with C. burnetii infection, suggesting a low 
rate of beta-oxidation rather than an incomplete process. It is unknown 
how well the levels of circulating acylcarnitines reflect the cellular 
levels, however, accumulation of long-chain acylcarnitines in lung cells 

Fig. 2. Fold changes of organic acids, amino acids, and derivatives as median values per pathogen group compared to CAP patients with other pathogens. Significant 
differences (q < 0.1 and FC > 20%) are marked with a green star. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web 
version of this article.) 

Fig. 3. Fold changes of oxylipin, endocannabinoid, and cortisol as median values per pathogen group compared to CAP patients with other pathogens. Significant 
differences (q < 0.1 and FC > 20%) are marked with a green star. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web 
version of this article.) 
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Fig. 4. Fold changes of phospholipids including (lyso)phosphatidylcholines median values per pathogen group as median values per pathogen group compared to 
CAP patients with other pathogens. Significant differences (q < 0.1 and FC > 20%) are marked with a green star. (For interpretation of the references to colour in this 
figure legend, the reader is referred to the Web version of this article.) 
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indicated a defective beta-oxidation process, increasing oxidative stress 
and potentially leading to epithelial cell death [20]. Moreover, LCAC 
accumulation in the air-fluid interface of the lung can reduce lung 
function due to the inhibition of pulmonary surfactant [21]. 

It has been reported that impaired utilization of acylcarnitines for 
energy production can be caused by various viruses, including influenza 
and respiratory syncytial virus [20], although the latter two did not 
show any significant results in our study. 

Overall, for acylcarnitines high within-pathogen group variance was 
present (Fig. A.2), which limited identifying further metabolite- 
pathogen associations. Acylcarnitine levels are associated with food 
consumption, certain medications such as valproic acid, and carnitine 
supplementation [22–24]. 

3.1.2. Organic acids, amino acids, and related compounds 
Significant differences in serum amino acids and derivatives were 

found in all groups of patients infected by CAP-associated pathogens 
(Fig. 2). Several significantly different metabolites were only found in 
infections by specific pathogens. For example, patients with 
L. pneumophila had elevated kynurenine (1.5–1.7 fold) and phenylala-
nine (1.4–1.6 fold), while M. pneumoniae showed elevated S-methyl-
cysteine (1.3–1.7 fold). Also, glutamate was elevated in C. burnetii 
compared to L. pneumophila (1.8 fold). Most of the stronger findings can 
be related to inflammation and oxidative stress and were associated with 
negative health outcomes in studies of various infections [25]. 

Elevated kynurenine was observed in patients with CAP and sepsis 
[26,27], and severe COVID-19 [12,25,28,29]. Kynurenine increases due 
to enhanced IDO (Indoleamine-2,3-dioxygenase) conversion of trypto-
phan during the inflammatory response. IDO is expressed in the lungs 
and blood cells, and its activity and expression are induced by 
pro-inflammatory cytokines, viral proteins, and lipopolysaccharides 

[30–32]. Kynurenine acts as an immune suppressor via binding to the 
aryl-hydrocarbon receptor (AHR) [33], and also inhibits nitric oxide 
synthase (NOS), thereby increasing oxidative stress. Kynurenine also 
contributes to vasodilation and hypotension in sepsis [14,34] and in-
creases endothelial activation which leads to impaired microvascular 
reactivity [26,35]. 

Elevated phenylalanine was associated with immune activation and 
negative outcome in patients with COVID-19 [11,12,25], post-trauma, 
or sepsis [13,14]. A possible explanation for elevated phenylalanine in 
the inflammatory environment is ROS-induced oxidation of the cofactor 
tetrahydrobiopterin (BH4) which is essential for the conversion of 
phenylalanine to tyrosine and the downstream catecholamines by the 
enzyme phenylalanine 4-hydroxylase [13,36]. 

Glutamate, a neurotransmitter in the CNS, also modulates the ac-
tivity of immune cells via the NMDA receptor, and excessive production 
was related to damaged endothelial cells [37–39]. 

We also found elevated uracil in patients with influenza and herpes 
simplex virus compared to patients with C. psittaci (1.2–1.9 fold). Pa-
tients with S. pneumoniae and L. pneumophila showed higher 3-hydroxyi-
sobutyric acid (1.5–1.6 fold) and lower isoleucine (1.4 fold lower) 
compared to C. burnetii. 

3.1.3. Signaling lipids 
The signaling lipids covered in the applied platforms included oxy-

lipins, endocannabinoids, their precursor fatty acids, and also cortisol. 
Metabolites that showed significant results were included in Fig. 3. 

Although we did not find significant differences in fatty acids in this 
study, the oxylipin profile of patients with herpes simplex virus was 
unique in comparison to other infections, showing significantly higher 
(all FC > 1.8) prostaglandin F2 alpha (PGF2a), 9,10,13-TriHOME (Tri-
HOME), and thromboxane B2 (TXB2). Oxylipins are immune 

Fig. 5. Overview of differential metabolic host 
response associations for community-acquired pneu-
monia-associated pathogens inferred from the current 
analysis. A pathogen symbol indicates that this pa-
tient group had the highest levels of metabolite(s) in 
the red box. Metabolites that were either not detected 
or detected without significant results are in white 
boxes. Enzymes are in ellipses, full lines are part of a 
metabolic pathway or transformation, and broken 
lines indicate an inducing or inhibiting effect. Ab-
breviations: see the abbreviation list. This figure was 
created with BioRender.com. (For interpretation of 
the references to colour in this figure legend, the 
reader is referred to the Web version of this article.)   
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modulators produced by the peroxidation of C20 or C22 poly-
unsaturated fatty acids (PUFA). The omega-6 PUFA oxylipins exhibit 
mainly pro-inflammatory action during the acute phase of inflamma-
tion. Some of these oxylipins also aid in the transition from innate to 
adaptive immune response. The arachidonic acid-produced PGF2-alpha 
is a direct metabolite of PGE2 and its increase aligns with the existing 
evidence that prostaglandin synthesis reactivates the herpes virus and 
increases its spread [40]. Although fluctuating along the course of 
inflammation, low levels of prostanoids (PGE2 and TXB2) are charac-
teristic of sepsis non-survivors [41,42] and COVID-19 [43,44]. Tri-
HOMEs were reported to be dysregulated in respiratory diseases such as 
asthma and COPD [45,46]. 

Of the covered endocannabinoids, several fatty acyl ethanolamides 
(EAs) were significantly different between patients with various in-
fections. Docosatetraenoyl ethanolamide (DEA), which is the ethanola-
mide of the omega-6 adrenic acid (22:4) docosatetraenoic acid, was 
elevated in patients with C. psittaci compared to patients with 
S. pneumoniae or influenza virus (1.3–1.4 fold). Patients with the influ-
enza virus showed the lowest levels of both DEA and dihomo-gamma- 
linolenoyl ethanolamide (DGLEA), the ethanolamide of the omega-6 
(20:3) dihomo-gamma-linolenic acid. In comparison to other patho-
gens, patients with herpes simplex virus showed trends of elevated 
palmitoleoyl ethanolamide (POEA) and alpha-linolenoyl ethanolamide 
(aLEA), which are the ethanolamides of the omega-7 (16:1) palmitoleic 
acid, and the omega-3 (18:3) alpha-linolenic acid, respectively. A 2-fold 
significant elevation of POEA was measured in comparison to patients 
with C. burnetii and a 1.4-fold aLEA elevation in comparison to 
M. pneumoniae. Endocannabinoids do not only act as CNS modulators 
but are also peripheral immune mediators. Their pro- or anti- 
inflammatory activity varies and depends on their acyl group, the type 
of cells (immune; endothelial, etc.), and the receptors they bind to. In 
times of increased demand, for example during an acute immune 
response, and depending on diet and fat reserves, increased levels of 
endocannabinoids may reflect accelerated catabolism of cellular lipids, 
to serve as precursors for free fatty acids and oxylipins. It is also possible 
to see a shift towards the synthesis of fatty acyl EAs from fatty acids that 
occurs without medication [47], or due to treatment with corticoste-
roids and NSAIDs, that inhibit PLA2 and COX enzymes [48,49]. The last 
significant signaling lipid, cortisol, was lower in patients with 
M. pneumoniae compared to all other pathogens (2–3.3 fold lower), and 
lower for C. burnetii patients in comparison to S. pneumoniae and 
L. pneumophila patients (1.6 fold lower, Fig. A.3). Reduced excretion of 
cortisol indicates lower activation of the hypothalamic-pituitary-adrenal 
(HPA) axis in response to stress and innate immune activation following 
any infection. Cortisol stimulates gluconeogenesis and reduces inflam-
mation, therefore its levels also affect (directly or indirectly) other me-
tabolites measured in this study. In multiple studies on infections of the 
lower respiratory system, higher cortisol levels at hospital admission 
were predictive of mortality [50], indicating its relation to acute 
inflammation and disease severity. 

3.1.4. Phospholipids and derivatives 
Phospholipids form cell membranes and are hydrolyzed into lyso-

phospholipids and long-chain fatty acids by various phospholipase A2 
(PLA2) enzymes. The host’s innate immune response to infection, as 
well as the pathogen itself, can induce the activity of PLA2 [51]. Patients 
with S. pneumoniae infection showed the lowest levels of any lysophos-
pholipids (LPCs) compared to other pathogens, alongside the highest 
levels of intact phosphatidylcholines (PCs), suggesting reduced activity 
of PLA2. Such a profile was also characteristic of sepsis [50,52], possibly 
due to the varying degree of expression and activities of different PLA2 
enzymes. Many LPCs and the total LPC/PC ratio were significantly 
higher in C. burnetii compared to S. pneumoniae, L. pneumophila, and RS 
virus (1.5–4 fold, Fig. 4). Bacteria can use host lipids as building blocks 
for bacterial membrane formation and as an energy source. Also, host 
lipids are crucial for the entry of bacteria, viruses or toxins into cells. For 

example, C. burnetii has been found to use phospholipase A to integrate 
lipids into its membrane [53]. L. pneumophila increased its virulence by 
secretion of PLA2 that destructed alveolar surfactant phospholipids 
[54]. Conversely, many intact PCs showed significantly lower levels in 
patients with the influenza virus in comparison to those with 
S. pneumoniae. The M protein of viruses like the influenza virus can 
interact with lipids and phosphatidylcholine vesicles allowing mem-
brane fusion [55–58]. 

Regarding lysophosphatidyls with serine or inositol functional 
groups (LPS and LPI), patients with parainfluenza virus showed 3–5 fold 
higher LPS (22:6) compared to S. pneumoniae, C. psittaci, and herpes 
simplex virus. Patients with L. pneumophila infection showed 30–90% 
higher LPIs compared to S. pneumoniae, influenza, and herpes simplex 
virus. 

3.2. Summary of metabolic findings per pathogen 

The consolidation of the obtained results associates specific bacterial 
and viral CAP infections with metabolic perturbations related to 
inflammation, oxidative stress, lipids utilization, and energy production 
(Fig. 5). Patients with S. pneumoniae infection showed high levels of the 
stress hormone cortisol that can be excreted as an HPA axis response to 
pro-inflammatory cytokines and hypoxia. Moreover, patients with 
S. pneumoniae infections consistently showed the highest PCs in com-
parison to all other pathogen groups, and very low lysophospholipids, 
suggesting lower activation of PLA2 enzymes, as described before in 
studies on sepsis [14,50]. The lowest levels of LPCs were found in pa-
tients with L. pneumophilia infection, who also showed the highest levels 
of cortisol, kynurenine, and phenylalanine, all characteristic of acute 
inflammatory response. Possibly indicating signs of oxidative stress and 
potentially also mitochondrial dysfunction [59], these patients had 
increased production of energy via beta-oxidation of fatty acids, evi-
denced by the elevated end-products of free carnitine and short-chain 
acylcarnitines. In comparison, patients with C. burnetii infection 
showed inhibition of fatty acid beta-oxidation, suggested by high levels 
of long-chain acylcarnitines, which are associated with increased ROS. 
These patients also had elevated glutamate accompanied by the highest 
levels of lysophospholipids, all can be linked to either inflammation, 
oxidative stress, or endothelial dysfunction [38,39,50,57,60]. Patients 
with C. psittaci infection possibly suffered from metabolic defects 
causing incomplete beta-oxidation of long-chain fatty acids, suggested 
by the elevated mid-chain fatty acids. This interrupted metabolism may 
be related to their relatively high levels of omega-6 fatty acyl ethano-
lamides, and high kynurenine, indicating acute inflammation. Despite 
the small sample size, patients with herpes simplex infection showed 
unique disruption in lipid metabolism. This included accumulation of 
long- and medium-chain acylcarnitines, elevated non-omega-6 fatty acyl 
ethanolamides, and very high levels of certain oxylipins, that possibly 
support the spread of the infection. 

3.3. Study limitations and future perspectives 

In this study, the sample size of patient groups with different CAP- 
associated pathogenic species was unbalanced and, in several cases, 
low (Table 1). Furthermore, a large within-group variance of metabolite 
levels was observed, which may impact our findings, especially in small 
sample size pathogen groups. Finally, the mean age of patients was 
unbalanced across the cohort, possibly acting as an additional 
confounder, since many aspects of metabolism change with age [61]. 
Overall, these factors limit the power to detect statistically significant 
metabolite-pathogen associations and require careful consideration of 
the relationships identified and further validation in a larger and more 
balanced study cohort. Nonetheless, several of the identified relation-
ships are in line with expectations and other literature reports, sup-
porting the biological relevance of our findings. 

Our study only considered metabolite levels at a single time point, 
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even though patients are admitted to the clinic at different stages of their 
infection. The use of longitudinal metabolite levels measured in patients 
thus represents an important next step to help to correct for such dif-
ferences, and, to elucidate the relationship between changes in metab-
olite levels and biochemical or cellular biomarkers for immunological 
and/or inflammatory response markers, e.g. C-reactive protein levels, 
cytokines, and leukocyte cell counts [62]. 

Importantly, we have made available the full raw dataset underlying 
this study, which could be of interest for further bioinformatics analyses 
of the immune-metabolic responses reported [63]. 

4. Conclusion 

In this study, we identified metabolites associated with the host 
response to specific CAP-associated pathogens. Our findings may sup-
port further elucidation of the pathogenesis of specific pathogens. We 
identified 64 metabolites that were significantly different between 
several pathogens. Specific bacterial and viral pathogens could be 
associated with metabolic perturbations that can be related to inflam-
mation, oxidative stress, lipids utilization, and energy production. 
Further research should be conducted to validate our results and to 
further unravel the mechanisms of the metabolic host response to 
different pathogens causing CAP. 
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