
Heliyon 10 (2024) e37115

Available online 28 August 2024
2405-8440/© 2024 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/4.0/).

Research article

Differential analysis of lipoprotein and glycoprotein profiles in
bacterial infections and COVID-19 using proton nuclear magnetic
resonance and machine learning
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A B S T R A C T

Background: We scrutinized variations in the proton nuclear magnetic resonance (1H NMR) li-
poprotein and glycoprotein profiles among hospitalized individuals with infectious diseases.
Methods: We obtained sera from 124 patients with COVID-19, 50 patients with catheter-related
bacterial infections, and 50 healthy volunteers. Results were interpreted using machine learning.
Results: COVID-19 patients had bigger and more abundant VLDL particles than the control group
and higher VLDL-cholesterol and VLDL-triglyceride concentrations. Patients with bacterial in-
fections showed similar trends, but differences often did not reach statistical significance. Both
types of patients showed lower LDL-cholesterol concentrations than the controls. LDL were larger,
and the number of particles was lower than that of the healthy individuals. HDL particles had
decreased cholesterol and increased triglycerides. Small particles were reduced. Glycoproteins
were increased in both groups of patients. All these alterations were more pronounced in COVID-
19 patients than those with bacterial infections. The diagnostic accuracy of these profiles
exceeded 90 % when distinguishing between healthy individuals and patients, and 85 % when
differentiating between the two patient groups.
Conclusion: Our findings highlight the potential of 1H NMR analysis for lipoproteins and glyco-
proteins as infection biomarkers. Additionally, they reveal differences between viral and bacterial
infections, shedding light on an area with promising clinical significance.
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1. Introduction

Infectious diseases are commonly related to increased oxidative stress and an inflammatory reaction [1]. Infection and inflam-
mation set off a sequence of responses within the host, recognized as the acute-phase response. This reaction is linked to notable
adjustments in the distribution of circulating lipoproteins [2,3]. Infectious diseases are associated with reduced levels of high-density
lipoprotein (HDL) and elevated levels of very low-density lipoprotein (VLDL), accompanied by increased concentrations of plasma
triglycerides. Moreover, the constitution of lipoproteins also undergoes modifications. For instance, HDL particles experience a
reduction in the levels of proteins engaged in reverse cholesterol transport, as well as those that hinder the oxidation of plasma lipids.
Additionally, there is a decline in cholesterol esters and a rise in free cholesterol, triglycerides, and free fatty acids [4]. These changes
cause HDL particles to lose their anti-atherogenic and anti-inflammatory attributes, potentially adopting a pro-atherogenic and
pro-inflammatory nature [5].

The advent of the COVID-19 pandemic has brought about a global tragedy but, at the same time, provided an opportunity to explore
a novel disease utilizing advanced technological tools. COVID-19, for instance, serves as an exemplary model for unraveling the
intricate connections between infectious mechanisms, metabolism, and inflammation. This disease is characterized by a strong in-
flammatory reaction to infection, often called the "cytokine storm," which is the primary driver of morbidity and mortality [6].
COVID-19 patients burdened with pre-existing cardiovascular conditions are more susceptible to developing severe illness and facing
heightened mortality risks [7,8]. Conversely, COVID-19 can also trigger myocardial injury in patients, and the cardiovascular alter-
ations found in individuals grappling with the persistent effects of COVID-19, termed "long-COVID," might endure for prolonged
periods in survivors of the acute viral infection [9].

Recent technological advancements have facilitated swift, dependable, and detailed assessments of circulating lipoproteins. Using
proton nuclear magnetic resonance (1H NMR) offers the unique benefit of concurrently assessing lipoprotein particles’ quantity, di-
mensions, and constitution, thereby affording a more comprehensive insight into alterations linked to metabolic dysregulations [10].
Furthermore, 1H NMR spectroscopy enables the quantification of distinct categories of glycoproteins, a clinically pertinent aspect in
patient evaluations, as heightened protein glycation indicates inflammatory processes [11,12].

This study aimed to investigate alterations in the profiles of lipoproteins and glycoproteins using 1H NMR among hospitalized
patients with infectious diseases. Specifically, we selected a cohort of patients with COVID-19 to represent viral infections with
pronounced metabolic effects, along with patients with bacterial infections as a result of being urinary catheter carriers. Subsequently,
these profiles were compared between the two groups and against a control group composed of healthy volunteers. This data could
offer valuable insights into the protracted complications of infectious diseases and potentially aid in evaluating patients during future
outbreaks or novel pandemics.

2. Materials and methods

2.1. Study design and participants

We conducted a post hoc retrospective cohort study in 124 patients admitted for COVID-19 during the period spanning fromMarch
to October 2020 at the Hospital Universitari Sant Joan de Reus. The inclusion criteria encompassed individuals aged ≥18 years and
with a confirmed positive result for COVID-19 via PCR testing obtained within 24 h before collecting specimens for the study. Those
with a life expectancy of less than or equal to 24 h, compromised liver function, or in a state of pregnancy were excluded from the
study. Additionally, we analyzed specimens from 50 patients with bacterial infections (BI) but negative for COVID-19, who had been
hospitalized earlier than in the pandemic era, and that were initially gathered for a prospective investigation focused on patients with
bacterial infections linked to urinary catheters [13]. For control purposes, we assessed samples from 50 healthy volunteers without
clinical or biochemical indications of conditions such as diabetes, cancer, kidney dysfunction, liver disorders, infectious diseases, or
neurological impairment [14]. Serum samples were procured from all participants and preserved in our Biobank at − 80 ◦C until the
analysis. Alongside this, we documented clinical and demographic details. We computed the McCabe score, indicating disease severity
[15], and the Charlson index to stratify their comorbidities [16].

To investigate whether any of the analyzed parameters could serve as a prognostic marker for the severity, we divided the patients
into two groups, moderate and severe. We considered as "severe" those patients who met at least one of the following criteria: to have
received invasive mechanical ventilation, to be admitted to the Intensive Care Unit, or to die up to 30 days after admission. According
to these criteria, 3 of 50 (6 %) BI and 55 of 124 (44.4 %) COVID-19 patients were classified as "severe" Thirty-one COVID-19 patients
died (Supplementary Table 1). No deaths were recorded in BI patients.

This study was approved by the Comitè d’Etica i Investigació en Medicaments (Institutional Review Committee) of the Institut
d’Investigació Sanitària Pere Virgili, with the resolution number CEIM 040/2018, which was subsequently modified on April 16, 2020.
All participants were informed verbally and in writing and provided written informed consent. The authors confirm that all methods
were performed in accordance with the relevant guidelines and regulations and were performed in line with the Declaration of
Helsinki.

2.2. Lipoprotein and glycoprotein analyses by 1H NMR spectroscopy

We employed serum samples from hospitalized patients within a standardized clinical practice framework. Electronic requests
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facilitated analytical data acquisition, with each sample allocated a unique code for our study. Concurrently, upon drawing blood on
admission, the nursing team executed extraction procedures, ensuring that the barcode-equipped tubes designated for our research
were utilized. Blood extraction followed standardized protocols, utilizing gel-treated tubes to facilitate clot separation. After imme-
diate homogenization, serum collection ensued. The serum acquisition protocol conforms to established norms employed by clinical
biochemistry laboratories. Precisely, blood tubes were positioned upright at room temperature (18–22 ◦C) for a minimum of 30 min to
induce clot formation. Subsequent centrifugation was conducted at 1600×g for 15 min at room temperature. Post-centrifugation, the
supernatant serum was meticulously transferred into 0.5 mL Eppendorf tubes (Hamburg, Germany) and preserved at − 80 ◦C. Frozen
serum samples were shipped on dry ice to Biosfer Teslab (Reus, Spain) for the 1H NMR analysis. Before the analysis, 200 μL of serum
was mixed with 50 μL deuterated water (D2O) and 300 μL of 50 mM phosphate buffer solution at pH 7.4 into 5-mm NMR glass tubes.
The 1H NMR spectra were recorded at 310 K on an Avance III™-600 Bruker spectrometer (Bruker BioSciences Española S.A., Madrid,
Spain) operating at a proton frequency of 600.20 MHz (14.1 T). We used the double stimulated echo pulse program with bipolar
gradient pulses and a longitudinal eddy current delay (LED: ledbpgp2s1d: LED-bipolar gradients pulse sequence), and 1D Nuclear
Overhauser Effect SpectroscopY (NOESY). The sequences run at 310 K in quantitative conditions. Refer to Supplementary Fig. 1 for the
1H NMR spectra of five different aliquots of a control serum sample, analyzed over five weeks using the LED pulse program. The
relaxation delay was 2 s, and the finite impulse decays were collected into 64K complex data points per scan on each sample.

The advanced lipoprotein profile was analyzed using the NMR-based Liposcale® test. This analysis included measuring the lipid
concentrations (triglycerides and cholesterol), size, and particle number of the four main classes of lipoproteins (VLDL, intermediate-
density lipoprotein or IDL, low-density lipoprotein or LDL, and HDL), as well as the particle number of nine subclasses (large, medium,
and small VLDL, LDL, and HDL) [10]. Each subclass particle concentration was calculated by dividing the lipid volume by the particle
volume of a given class. Lipid volumes were determined using common conversion factors to convert concentration units into volume
units [17]. Finally, weighted average VLDL, LDL, and HDL particle sizes were calculated from various subclass concentrations by
summing the known diameter of each subclass multiplied by its relative percentage of subclass particle number.

The glycoprotein profile was determined by analyzing the region of the 1H NMR spectrum where the glycoproteins resonate
(2.15–1.90 ppm) using several analytical functions according to a previously published procedure [11,18]. The GlycA and Glyc B areas
signals originate from N-Acetylneuraminic acid and N-Acetylglucosamine moieties from N-glycans, respectively. The GlycF area
measured the concentrations of the acetyl groups of N-acetylglucosamine, N-acetylgalactosamine and N-acetylneuraminic acid not
bound to proteins (unbound, free fraction). Height-to-width (H/W) ratios of GlycA and GlycB (a parameter associated with the ag-
gregation state of the sugar–protein bonds) were also reported. Height was measured as the difference from the baseline to the
maximum of the corresponding 1H NMR peaks. Width values correspond to the peak width at half height [12]. The Supplementary
Analytical Methods 1 provide a detailed description of quality assurance.

2.3. Statistical analysis

Quantitative results were shown as medians and 25–75 interquartile ranges, and qualitative or dichotomous variables were pre-
sented as percentages. To compare proportions and study relationships between qualitative variables, we used the χ2-square test and
Fisher’s exact test, depending on the size and characteristics of the variables. We employed the Mann-Whitney U test or the Kruskal-
Wallis test to estimate differences between two or more groups, and Spearman’s ρ correlation coefficients were calculated to estimate
correlations between parameters.

The cutoff for determining the most significant variables was based on the variable importance scores from the Random Forest
analysis. We selected the top 5 variables with the highest importance scores to classify patients between the indicated groups, as shown
in the corresponding figures. Separation between groups was studied using Principal Component Analysis (PCA). To ensure model
generalizability and prevent overfitting, we performed 10-fold cross-validation. The data set was randomly divided into training (70
%) and test (30 %) sets. During the model construction, we conducted 10-fold cross-validation with 100 replicates on the training data,
and we assessed the model’s performance on the hold-out test data. We began with a total of 32 variables related to complete lipo-
protein and glycoprotein profiling. The data were normalized for the Random Forest analysis, and centered and scaled for PCA.
Additionally, we constructed a linear fitting model. We evaluated its discriminatory ability between groups using the area under the
curve (AUC) of the receiver operating characteristics (ROC) curves, along with a 95% confidence Interval. Cross-validation predictions
of the selected variables were plotted. The statistical analysis was conducted using R statistical software version 4.1.1. The main R
packages used were caret 6.0–94 for machine learning, pROC 1.18.5 for ROC curves and calculating the AUC, mixOmics 6.25.0 for
multivariate analysis, and ggforestplot 0.1.0 for generating and visualizing forest plots.

3. Results

3.1. Patient characteristics

There were no significant differences in the sex distribution of the different groups of participants, but the BI patients were older
than the COVID-19 ones and the control group. Regarding associated comorbidities, COVID-19 patients had a higher incidence of
chronic lung disease than negative patients and a lower incidence of type 2 diabetes mellitus, chronic kidney disease, and cancer. The
Charlson and McCabe indices indicated that patients with bacterial infections had more comorbidities and a worse prognosis than
patients with COVID-19 (Table 1).
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3.2. Lipoprotein and glycoprotein changes are distinct and more profound in COVID-19 compared to bacterial infections

The analytical results are indicated numerically in Supplementary Table 2 and are graphically represented in Figs. 1–4. COVID-19
patients showed a significantly higher concentration of VLDL-cholesterol and VLDL-triglycerides than the control group. The size of
these lipoproteins and the number of large, medium, and small particles were also higher. BI patients showed a similar trend, but
differences were minor and often did not reach statistical significance (Fig. 1). COVID-19 and BI patients showed both a lower con-
centration of LDL-cholesterol than the control group, and that of triglycerides was higher only in the BI. LDL particle size was larger,
and the number of particles was lower than that of the healthy individuals (Fig. 2). The HDL particles presented marked alterations in
the two groups of infected patients, with a decrease in cholesterol concentration, an increase in triglycerides, and an increase in size,
with a marked reduction in the concentration of small HDL particles (Fig. 3). Changes in IDL were minor and are not graphically
represented although can be seen in Supplementary Table 2. On the other hand, all the parameters of the glycoprotein profile were
increased in the two groups of patients (Fig. 4). In general terms, lipid and glycoprotein alterations were more marked in COVID-19
patients than in BI ones. These changes were maintained when adjusted for age, sex, and comorbidities (Supplementary Figs. 1–3).

Random forest analysis identified H/W Glyc-B, Glyc-B concentration, HDL diameter, small HDL particle concentration, and the
ratio between the concentrations of triglycerides and cholesterol in LDL, as the five parameters with the highest capacity to
discriminate BI patients from the control group (Fig. 5A). Conversely, small HDL concentration, HDL diameter, total HDL particle
concentration, the ratio between the concentrations of triglycerides and cholesterol in HDL, and small LDL particle concentration, were
the parameters with the highest capacity to discriminate COVID-19 patients from the control group (Fig. 5B). Finally, the parameters
that best discriminated between the two groups of patients were VLDL diameter, medium LDL particle concentration, large HDL
particle concentration, the ratio between the concentrations of triglycerides and cholesterol in VLDL, and LDL triglycerides concen-
tration (Fig. 5C). The diagnostic accuracy of the combinations of these parameters measured by the ROC curves was higher than 90 %
when the two groups of patients were compared with the control group and exceeded 80 % when comparing the patient groups with
each other.

3.3. The alterations in lipoproteins and glycoproteins did not efficiently discriminate between severe and moderate COVID-19 patients

Severe COVID-19 patients showed a non-significant trend of having fewer HDL particles than moderates and significant increases in
the ratios between the total number of particles and HDL and between the number of LDL particles and HDL particles (Supplementary
Table 3). No significant differences were found in any other parameter. However, these differences were minor, and the PCA showed a
high overlap between both groups. ROC curves did not demonstrate sufficient diagnostic accuracy to propose any prognostic marker of
severity (Supplementary Fig. 4).

4. Discussion

The existence of considerable alterations in the characteristics of lipoproteins in infectious diseases is well known. Infection and
inflammation trigger the acute phase response, eliciting pro-atherogenic modifications in lipid and lipoprotein metabolism [19–22].
Increased VLDL secretion may be attributable to adipose tissue lipolysis, heightened hepatic de novo fatty acid synthesis, and

Table 1
Demographic and clinical characteristics of the patients and the control group.

Control Group (n = 50) COVID-19-negative (n = 50) COVID-19-positive (n = 124) p-value

Male sex, n (%) 24 (48) 20 (40) 57 (46) 0.693
Age, years 72.5 (69.0–79.0) 83.5 (75.2–89.0) 71.0 (58.8–83.0) <0.001
Type 2 diabetes mellitus, n (%) NA 26 (52.0) 30 (24.2) <0.001
Cardiovascular disease, n (%)a NA 25 (50.0) 68 (54.8) 0.340
Chronic liver disease, n (%) NA 0 (0.0) 1 (0.8) 0.713
Chronic lung disease, n (%) NA 1 (2.0) 17 (13.7) 0.014
Chronic kidney disease, n (%) NA 20 (40) 22 (17.7) 0.002
Chronic neurological disease, n (%) NA 7 (14.0) 29 (23.4) 0.118
Cancer, n (%) NA 15 (30) 16 (12.9) 0.009

Charlson index

No comorbidity, n (%) NA 9 (18.0) 81 (65.3) <0.001
Low comorbidity, n (%) 18 (36.0) 29 (23.4)
High comorbidity, n (%) 23 (46.0) 14 (11.3)

McCabe index

RFD, n (%) NA 24 (48.0) 7 (5.6) <0.001
UFD, n/%) 25 (50.0) 31 (25.0)
NFD, n (%) 1 (2.0) 86 (69.4)

Statistical analyses were performed by the Kruskal-Wallis test (quantitative) or the χ2 test (qualitative). Results are given as median and interquartile
range or as numbers and percentages. NA: Not applicable; NFD: Non-fatal disease; RFD: Rapidly fatal disease; UFD: Ultimately fatal disease.
a Including hypertension.
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suppression of fatty acid oxidation. Furthermore, reduced lipoprotein lipase and apolipoprotein E activities result in diminished VLDL
clearance. Concomitantly, HDL particles undergo substantial alterations, manifesting decreased cholesterol, apolipoprotein A1, and
antioxidant enzyme levels, and enhanced concentrations of serum amyloid A. Notably, HDL assumes a pro-inflammatory character
during this process [19,21]. Recent investigations suggest that COVID-19 follows a pattern consistent with these shared features, albeit
with a likelihood of more pronounced manifestations than other infectious diseases. Several studies using routine biochemical methods
have established that a low serum HDL-cholesterol concentration is a common feature of COVID-19 and have discussed the impli-
cations this may have on the effectiveness of the innate immune response of these patients [22–29]. Viral infections, including
COVID-19, exhibit a reduction in lipid and apolipoprotein A1 synthesis and a potential increase in cholesterol absorption by cells,
including immune cells, contributing to the observed decline in serum cholesterol levels [30].

Recently, some studies have performed a comprehensive metabolic analysis of lipoprotein alterations in COVID-19 using 1H NMR.
A study using one-dimensional NMR (LipoProfile®) in patients with severe COVID-19 admitted to the Intensive Care Unit in two
hospitals in Baltimore (USA) reported markedly reduced HDL particle numbers, meager numbers of the small HDL particles, and high
levels of triglyceride-rich lipoprotein particles, together with high lipoprotein X and Z concentrations [31]. Another study using the
same technology found similar alterations in children with severe acute symptoms of COVID-19 but not in asymptomatic children [32].
One study employing the AVANCE™ IVD method (Bruker, Billerica, MA, USA) found higher cholesterol and triglycerides in VLDL
particles and lower cholesterol concentrations in LDL and HDL in hospitalized patients with COVID-19 [33]. Two more studies re-
ported that patients with severe COVID-19 presented an increase in VLDL, IDL, and LDL particles and a decrease in HDL. Most li-
poprotein subpopulations were generally enriched in triglycerides and depleted in cholesterol [34,35]. Most 1H NMR studies agree that
COVID-19 patients show a pro-atherogenic lipoprotein profile characterized by elevated triglycerides in all lipoprotein fractions, with
those in LDL showing the largest increase. Conversely, total cholesterol, LDL-cholesterol, and HDL-cholesterol are reduced, particu-
larly in HDL subfractions 4 and 3 [36–39]. Furthermore, the analysis of COVID-19-positive subjects during acute infection versus
recovery showed that lipoprotein alterations persist in many post-acute patients, indicating a delayed return to normality [40,41].

In the present study, we chose to use the Liposcale® test to analyze lipoprotein alterations in COVID-19-positive patients and
COVID-19-negative patients suffering with bacterial infections. The Liposcale®method is based on 2D diffusion-ordered 1H NMR that,
in addition to measuring the size and lipid composition of the lipoprotein subfractions, allows characterization of their size through the

Fig. 1. Box plots representing the very low-density lipoprotein (VLDL) profile in the control group, the patients with bacterial infections (BI), and
the COVID-19 patients. Boxes represent medians and interquartile ranges (IQR). Solid points are individual values outside the IQR.
*p < 0.05; **p < 0.01; ***p < 0.001; ****p < 0.0001.
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measurement of the diffusion coefficients from the Stokes-Einstein equation [10]. We found that specific parameters, namely small
HDL particle concentration, HDL diameter, total HDL particle concentration, the ratio of triglycerides to cholesterol in HDL, and small
LDL particle concentration, proved high efficacy in discerning COVID-19 patients from the control group. Conversely, parameters
encompassing H/W Glyc-B, Glyc-B concentration, HDL diameter, small HDL particle concentration, and the ratio of triglycerides to
cholesterol in LDL exhibited effectiveness in discriminating BI patients from the control group. The alterations in the lipoprotein
signature of both groups of patients were unambiguous when compared to healthy subjects. The PCA showed almost complete
discrimination between groups, and the AUCs of the ROC plots demonstrated a high diagnostic accuracy. These results are consistent
with previous studies that have found an increase in triglyceride-rich lipoproteins and a marked decrease in HDL in patients with
infectious diseases [22–35]. Lipoprotein levels are dependent on age and sex [42] and therefore our results have been statistically
adjusted for these differences, as well as for comorbidities (See Supplementary Materials).

Glycoprotein results agree with the pro-inflammatory nature of the lipoprotein profile. Previous research has demonstrated the
strength of the determination of glycoproteins by 1H NMR as biomarkers of systemic inflammation, and significant correlations have
been observed between these parameters and several acute-phase response proteins [43]. Our study found higher GlycA, GlyB, and
GlycF concentrations in patients with bacterial infections or COVID-19 than in healthy subjects. Similar results on GlycA and GlycB
have recently been reported in COVID-19 [31–33,35]. Furthermore, we have also found higher H/W GlycA and H/W GlycB ratios,
where H depends on the concentration, andW depends on the aggregation of the molecules that emit the signal. Elevated ratios suggest
that links are in a state of looser aggregation, resulting from the presence of more easily accessible glycosylation zones in the proteins.
This phenomenon is linked to increased inflammation, as inflammation triggers the formation of additional glycosylation branches.
Consequently, the H/W ratio has been suggested as a potential marker for inflammation [11,44].

Compared to previous studies, our research is novel for simultaneously investigating two distinct infection categories: bacterial and
viral. This dual focus allows a comparative assessment of outcomes within the two patient cohorts in addition to the classical com-
parison with healthy individuals. Including COVID-19 as the viral infection of interest adds considerable value, considering its pro-
found metabolic impact and the persisting scientific interest in unraveling various aspects of this disease. Shared characteristics
between both groups of patients encompass an increase in glycoprotein concentrations, a decrease in the number of LDL particles of all
sizes and small HDL, an enrichment in triglycerides, and a depletion of HDL cholesterol. Notably, these modifications assume a

Fig. 2. Box plots representing the low-density lipoprotein (LDL) profile in the control group, the patients with bacterial infections (BI), and the
COVID-19 patients. Boxes represent medians and interquartile ranges (IQR). Solid points are individual values outside the IQR.
*p < 0.05; **p < 0.01; ***p < 0.001; ****p < 0.0001.
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heightened significance in COVID-19 patients despite indications from the Charlson and McCabe indices showing fewer comorbidities
and a less severe clinical condition. Conversely, COVID-19 diverges from bacterial infections primarily due to the larger diameter of
VLDL particles, a reduced count of medium-sized LDL particles, and an increased number of large HDL particles. Whether these
distinctive features are exclusive to COVID-19 or are found in other viral infections like influenza or respiratory syncytial virus
warrants further investigation. Indeed, prior research utilizing traditional clinical laboratory techniques has revealed the existence of
similar alterations in individuals infected with the human immunodeficiency virus [45] or hepatitis C [46]. Our findings align with
those previously reported [34], indicating that a rise in the number of VLDL particles constitutes a fundamental characteristic dis-
tinguishing individuals with COVID-19 from counterparts with cardiogenic shock admitted to the Intensive Care Unit. Together, both
the prior studies and our results suggest that modifications in VLDL metabolism may be specific to COVID-19 and serve as valuable
indicators for discriminating this disease from others.

Although the metabolic profiles analyzed can be proposed as markers for the diagnosis of COVID-19 and bacterial infections, we
have not identified any prognostic marker indicating a patient’s need to receive invasive respiratory assistance or admission to the
Intensive Care Unit. We found tendencies to have a low number of HDL particles in relation to other particles, which agrees with
previous reports [22–24,26–28,31–33]. However, the differences we found were smaller than those reported by most authors [26,27,
31]. These differences can probably be explained by our definition of "severe" and "moderate." We have not compared admitted pa-
tients with outpatients or asymptomatic patients. All our patients were collected during the first wave of COVID-19 when the
aggressive alpha variant was predominant, and all required hospital admission. The clinical and demographic characteristics of these
patients, and those of the dominant strain of the virus at the time of study may explain this discrepancy [28].

Several limitations warrant consideration in interpreting the findings of our study. Differences in ethnicity, age, and comorbidity
prevalence among patients may introduce confounding factors when comparing our data with other studies. Variability in sampling
time and follow-up durations could impact the comparability of prognostic information based on lipid and lipoprotein data across
studies. It is essential to acknowledge the potential influence of corticosteroid therapy on lipoprotein levels, particularly in the context
of severe COVID-19 cases. The retrospective nature of the study introduces inherent biases and limitations associated with data
collection and analysis, potentially influencing the generalizability of our findings. The availability of limited outcome data further
restricts the depth of our analysis and the comprehensiveness of the insights derived from our study. Moreover, the temporal aspect of

Fig. 3. Box plots representing the high-density lipoprotein (HDL) profile in the control group, the patients with bacterial infections (BI), and the
COVID-19 patients. Boxes represent medians and interquartile ranges (IQR). Solid points are individual values outside the IQR.
*p < 0.01; **p < 0.001; ***p < 0.0001.
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our data collection, initiated at the onset of the pandemic, introduces a potential temporal bias. Some studies have highlighted the
evolving nature of SARS-CoV-2 infection, with altered symptom expression and decreased respiratory severity observed over suc-
cessive waves and corresponding to the emergence of variants [47,48]. Consequently, the dynamic nature of the infection and its
evolving risks may impact the generalizability of our findings and introduce potential variations in metabolic sequelae over time.
Finally, while the distinctions observed in the signatures of both groups of patients may be attributed to variations between viral and
bacterial infections, it is equally plausible that they reflect the severity of the patients’ conditions or the degree of inflammatory
response.

5. Conclusion

Our findings underscore the potential of 1H NMR analysis for lipoproteins and glycoproteins as invaluable infection biomarkers.
Additionally, they reveal intriguing differences between COVID-19 and bacterial infections, shedding light on a previously unexplored
area with promising clinical significance. Further investigations are imperative to elucidate the clinical relevance of these findings and
their potential implications for patient care and management.
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