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Circulating endocannabinoid levels 
in SARS‑CoV‑2 infection and their 
potential role in the inflammatory 
response
Maria Velasco 1,2,3*, Maria Posada‑Ayala 4, Elia Pérez‑Fernández 3, Frida Loria 3, 
Mario Amores 3, José Miguel Ramos 5, Elena Jaime 6, Carlos Guijarro 2,5, Julián Romero 4 & 
Maria Ruth Pazos 3,4*

Plasma levels of endocannabinoids (eCBs) are very dynamic and variable in different 
circumstances and pathologies. The aim of the study was to determine the levels of the main eCBs 
and N-acylethanolamines (NAEs) in COVID-19 patients during the acute and post-acute phase of 
SARS-CoV-2 infection. Samples collected before December 31, 2020 were used for the determination 
of circulating eCB levels by liquid chromatography-tandem mass spectrometry (LC–MS/MS). The 
association between plasma eCB measurements and biochemical and hematological parameters, 
as well as serum IL-6 levels, was evaluated. Samples of 64 individuals were analysed, n = 18 healthy 
donors, n = 30 acute, and n = 16 post-acute patients. Plasma levels of 2-arachidonoylglycerol 
(2-AG), were significantly elevated in COVID-19 patients when compared to healthy individuals. 
Plasma N-palmitoylethanolamide (PEA) and N-arachidonoylethanolamide (AEA) levels were found to 
be decreased in post-acute patient samples. These results suggest that 2-AG plays an important role 
in the inflammatory cascade in COVID-19 disease; in addition, eCBs might be involved in the post-
acute pathogenesis of COVID-19. This study provides evidence of altered levels of circulating eCBs as a 
consequence of SARS-CoV-2 infection.

Keywords  COVID-19, Endocannabinoids, Inflammation, Biomarkers

Severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) infection can lead to an exacerbated systemic 
inflammatory response, characterized by an aberrant release of proinflammatory mediators, both cytokines 
and chemokines, called a cytokine storm1,2. This dysregulation of the inflammatory cascade is related to a poor 
prognosis and the risk of complications1,3–5. The relevance of this exacerbated inflammatory response has led 
some authors to propose coronavirus disease 2019 (COVID-19) as a multiorgan inflammatory pathology2,6,7. Cur-
rently, no specific treatments have been developed for post-acute COVID-19, due to gaps in the comprehensive 
knowledge of the pathogenesis; therefore, it is necessary to investigate the molecular mechanisms underlying the 
inflammatory cascade and its regulation to find both effective treatments and reproducible laboratory biomarkers 
that help improve clinical management of COVID-19 patients.

The role of the endocannabinoid system (ECS) in the regulation of the immune system has been widely 
described, acting mainly on the release of cytokines and chemokines, expression of adhesion molecules, cell 
migration, and the modulation of the phenotypic polarization of macrophages and microglia8–11. Consequently, 
since the pandemic outbreak, numerous authors have postulated the ECS as a potential therapeutic target for 
the treatment of COVID-1912–15.

The ECS consists of two receptors, cannabinoid receptor type 1 (CB1R) and type 2 (CB2R), endogenous 
ligands also called endocannabinoids (eCBs), and enzymes involved in the synthesis and degradation of eCBs 
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[for review,16. eCBs are bioactive lipids derived from polyunsaturated fatty acids that are produced by different 
organs and tissues, including circulating immune cells. The major and best-studied eCBs are N-araquidonoy-
lethanolamine or anandamide (AEA) and 2-araquidonoyl glycerol (2-AG). Both molecules bind to CB1R and 
CB2R with slight differences in their binding characteristics17. In addition, 2-AG can be metabolized by enzymes 
of the eicosanoid pathway, such as cyclooxygenase 2 (COX-2) and some lipooxygenasases (LOX) leading to the 
generation of prostaglandin E2–glycerol esters (PGE2-G)9,17,18. AEA and other N-acylethanolamines (NAEs), 
such as N-palmitoylethanolamine (PEA) and N-oleoylethanolamine (OEA), can also activate other receptors 
involved in the inflammatory response, such as transient receptor potential vanilloid 1 (TRPV1), peroxisome 
proliferator-activated receptor alpha (PPARα), and non-cannabinoid G-protein coupled receptors (GPRs)9,17. 
Circulating levels of eCBs are highly dynamic and they are altered in different pathological circumstances, in 
particular, in an inflammatory context [for review,19. These levels have been found to be altered in COVID-19 
patients 20, as well as in other viral infections in which an inflammatory reaction is triggered, i.e., hepatitis C21. 
Moreover, data from in vivo and in vitro models of viral infections have shown that AEA and 2-AG have an 
anti-inflammatory effects22,23. Therefore, the present study aimed to analyze the circulating levels of the main 
eCBs in COVID-19 patients and their possible involvement in the inflammatory response after SARS-CoV-2 
infection, as well as to assess their potential role as biomarkers in COVID-19 patients.

Materials and Methods
Observational study
Patient samples from the COVID-19 collection from the Hospital Universitario Fundación Alcorcón (HUFA; 
Madrid, Spain) Biobank were used for this study. All samples used were obtained before December 31, 2020; 
therefore, all samples were collected in the context of the first wave of the pandemic and none of the participants 
had received any SARS-CoV-2 vaccine. The control samples were obtained from the collection of healthy donors 
from the Hospital Universitario Puerta de Hierro Majadahonda (HUPHM; Madrid, Spain) Biobank. Healthy 
donors had no acute disease at the moment of sample collection. We only used donor samples collected before 
June 30, 2019 to ensure that the control population had no contact with the virus. Besides, samples were requested 
from both genders and from an age range between 50 and 80 years old. Serum and plasma samples were obtained 
following the standard protocols of the Spanish National Biobank Network. 

Samples from COVID-19 patients were classified into two groups. On the one hand, samples obtained within 
6–10 days of symptoms onset and PCR-positive test (hereinafter referred as acute). On the other hand, samples 
from asymptomatic patients obtained between 30 and 60 days after PCR-positive test (hereinafter referred as 
post-acute). Post-acute patients did not show COVID-19 symptoms at follow-up visits and they had normalized 
their analytical tests, so they had resolved the clinical episode when the sample was collected.

Basic hematology (complete blood count), coagulation (activated partial thromboplastin time [APTT], and 
D-dimer), and biochemistry analyses (C-reactive protein [CRP], and lactate dehydrogenase [LDH]) data were 
collected from medical records. These data are from the same blood sample obtained on the day of the COVID-
19 diagnostic test, which was also used for the determination of IL-6 levels.

Serum IL‑6 levels quantification
Numerous publications have shown an association between elevated IL-6 levels and COVID-19 severity3,5. There-
fore, IL-6 levels were determined in all samples using a non-competitive chemiluminescent immunoassay on 
the Advia Centaur XPT® analyzer (Siemens Healthcare GmbH, Germany).

Circulating eCBs measurement by liquid chromatography‑tandem mass spectrometry 
(LC–MS/MS)
One milliliter of plasma was used for the extraction and analysis of eCBs. Methanol containing 1 μg/mL of 
N-arachidonoylethanolamine-d8 (AEA-d8), 2-arachidonoylglycerol-d8 (2-AG-d8), palmitoyethanolamide-d5 
(PEA-d5) and, oleoylethanolamide-d4 (OEA-d4) (Cayman Chemical, USA) were added as internal standards. 
Then, samples were subjected to lipid extraction with chloroform/methanol/Tris–HCl 50 mM (2:1:1) and the 
organic phase was collected and dried in SpeedVac at 55 ºC (ThermoFisher Scientific, USA). Samples were recon-
stituted in methanol for LC–MS/MS analyses using an Acquity H class (UPLC H-Class, Waters, Spain) online 
QTrap 4500 system (Sciex, Spain), and Acquity HSS T3 column (1.2 × 100 mm and 1.8 µm, Waters, Spain), at 
30ºC and using a mobile phase composed of formic acid 0.1% and acetonitrile (Merck, Germany). A gradient 
elution at a flow rate 500 µl/min was applied: 0–1.20 min, 0% B; 1.20–5 min, 0–85% B; 5–6 min, 85–90% B; 
maintained for 1 min at 90% B, 7–8 min, 0% B; and returned to initial conditions in 4 min. Data were acquired 
using Analyst software 1.6 (Sciex, Germany). The mass spectrometer was operated in positive ionization mode 
with a voltage of 5500 V. Parameters setting for temperature, curtain gas, ion source gas 1 and gas 2 were: 500 
ºC, 20 psi, 20 psi at flow 20 L/min. Data were acquired using MRM (Multiple Reaction Monitoring): AEA (m/z 
348,3–62), DP 70 V, CE 35 V, EP 10 V y CXP 4 V; 2-AG (m/z 379–287,2), DP 60 V, CE 21 V, EP 10 V y CXP 7 V; 
PEA (m/z 300–62), DP 60 V, CE 36 V, EP 10 V y CXP 7 V; OEA (m/z 326.3–62), DP 60 V, CE 35 V, EP 10 V y 
CXP 7 V; and internal standard AEA-d8 (m/z 356.4–62), DP 30 V, CE 60 V, EP 10 V y CXP 4 V; 2-AG-d8 (m/z 
386,22–60), DP 116 V, CE 37 V, EP 10 V y CXP 2 V; PEA-d5 (m/z 304,26–90,83), DP 101 V, CE 59 V, EP 10 V y 
CXP 8 V; OEA-d4 (m/z 330.26–66), DP 111 V, CE 47 V, EP 10 V y CXP 6 V.

For eCB quantification calibration curves were performed using commercial standards. Individual signals 
were normalized based on total protein account (BCA assay kit; ThermoFisher Scientific, Spain) for observed 
sample variability and, peak areas were normalized using internal standard (MultiQuant software 2.1, Sciex, 
Germany). Calibration range, linearity, limit of detection, limit of quantification, carryover, accuracy and preci-
sion, selectivity, recovery and matrix effect were evaluated.
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Statistical analyses
Data were analysed using STATA17 software (StataCorp.2021. Stata Statistical Software: Release 17. StataCorp 
LLC, USA). Univariate analysis was performed to compare demographics and biochemical and hematological 
data. Fisher’s exact test was used for the analysis of qualitative data. Quantitative data were analysed using the 
Kruskall-Wallis test for the analysis of three independent samples, or the Mann Whitney U-test in the case of two 
independent samples. Levels of IL-6 and circulating eCBs distribution were described as geometric mean (GM), 
median, and interquartile range (IQR). Kruskal–Wallis test was performed to analyse differences by group and, 
Dunn test with Bonferroni methods were used to adjust for pairwise comparisons. To estimate differences by 
group adjusted for age and sex, data were log-transformed, performing linear regression models. The arithmetic 
mean of log-transformed values corresponds to the log GM of the original values. Therefore, the exponentiated 
regression coefficient estimated in the model can be interpreted as a relative change in the GM of eCB values in 
the original scale. Finally, eCB levels, biochemical and hematological parameters association was explored using 
the Spearman rank correlation coefficient. Statistical significance was defined as *p < 0.05 and **p < 0.001.

Ethical standards
The study was conducted in accordance with the Declaration of Helsinki, and approved by the HUFA Comité 
de Ética en la Investigación con Medicamentos (CEIm; Protocol code: 21/60; Date of approval: March 25, 2021).

Informed consent
Informed consent was obtained from all subjects involved in the study.

Results
A total of 64 participants were included in the analysis. Samples of 64 subjects were analysed, including n = 18 
healthy donors, n = 30 acute and, n = 16 post-acute patients. Before analyzing the samples, it was considered 
whether the participants were obese, as this is a factor that can affect eCB levels. Of all the participants involved, 
only one acute patient was obese, so we have no data to analyse the effect of obesity on the eCB measurements. 
The median age was 61 (IQR 51–71) years and 50% were women. No significant differences in sex and age were 
found among the 3 groups (Table 1).

Blood cell counts revealed smaller values of neutrophils in post-acute patients (p = 0.023). Regarding bio-
chemical parameters, higher levels of CRP and IL-6 were observed in acute patients (Fig. 1, p < 0.001); as well as 
in LDH but with no statistically significant difference. APTT and D-dimer values were elevated, but there were 
no differences between patient groups (Table 1, p = 0.862 and p = 0.122, respectively).

On the other hand, Fig. 2 shows plasma measurements of eCBs. Noteworthy, 2-AG levels were higher in 
COVID-19 patients compared to those obtained in healthy donors (Fig. 2A), with the highest concentration 
found in the acute group (Table 2, p < 0.001). When compared by group, AEA values (Fig. 2B) were significantly 
lower in the post-acute group than in acute patient samples (Table 2, p = 0.016). However, no differences were 
found when compared to controls. Something similar was observed with PEA levels (Fig. 2C), which are lower 

Table 1.   Description of demographic data and biochemical parameters. p-value was calculated using Fisher 
exact test for qualitative analysis and, non-parametric Kruskall-Wallis test and Mann Whitney U-test for 
quantitative data. CRP: C-reactive protein, IL-6: Interleukin-6, LDH: Lactate dehydrogenase, APTT: Activated 
partial thromboplastin time.

Control Acute Post-acute

Univariate p-valuen = 18 n = 30 n = 16

Characteristics of participants

Female (N, %) 10 55.6% 15 50% 7 50% 0.790

Age (Median, p25-p75) 58 56–62 64 49–72 68 52–75 0.263

Biochemical parameters (Median, p25-p75)

CRP (mg/L) 40.1 24.6–138 7.44 2.09–16.73  < 0.001*

IL-6 (pg/mL) 0 0–0 11.5 3.5–70.8 4 0–14.85  < 0.001*

LDH (U/L) 301.5 238–358 239 197–330 0.050

D-dimer (mg/L) 540.5 383–701 812 430–2553.5 0.122

APTT (seconds) 31.15 27.9–34.5 29.85 28.85–32.4 0.862

Basic hematology (Median, p25-p75)

Leukocytes (103/mL) 6.57 5.47–8.53 5.58 4.39–7.72 0.184

Neutrophils (103/mL) 4.7 3.6–7.9 3.2 2.3–4.85 0.023*

Lymphocytes (103/mL) 0.9 0.7–1.4 1.55 0.9–1.9 0.060

Platelets (103/mL) 266 197–312 252 204.5–338.5 0.899
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in post-acute patients, but this difference only reached statistical significance when compared with subjects in 
the control group (Table 2, p = 0.022). Healthy donors and acute patients showed similar values of PEA.

There were no statistically significant differences in OEA levels (Fig. 2D); but higher levels were observed in 
post-acute samples (Table 2, p = 0.236). The results described above were maintained in the multivariate analysis 
adjusted for age and gender (Table 3). However, the magnitude of the effect is very high in 2-AG levels, estimating 
a relative difference of 10.23 and 5.52 times more in post-acute and acute respectively versus control samples.

Figure 1.   IL-6 serum concentration in COVID-19 patients (acute n = 30; post-acute n = 16) compared to 
healthy donors (control n = 16). The Kruskall-Wallis test was conducted for statistical analysis and Dunn test was 
used to calculate adjusted p-values: *p < 0.05; **p < 0.001.

Figure 2.   Circulating eCB levels per milligram of total protein in COVID-19 patients (acute n = 30; post-
acute n = 16) compared to healthy donors (control n = 16). Univariate analysis was performed using the 
Kruskall-Wallis test and Dunn test was used to calculate adjusted p-values: *p < 0.05; **p < 0.001. 2-AG: 
2-arachidonoylglycerol, AEA: N-araquidonoylethanolamine, PEA: N-palmitoylethanolamine, OEA: 
N-oleoylethanolamine.
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Finally, Tables 4 and 5 summarize Spearman’s rank correlation analyses between circulating eCBs and the 
main biochemical and hematological parameters in acute and post-acute patients respectively. Despite finding 
a significant increase in 2-AG levels in COVID-19 acute patients, these values did not correlate with any of the 
routine biochemical/hematological parameters analyzed in the laboratory, nor with IL-6 levels (Table 4). How-
ever, both AEA and PEA showed a negative correlation with the lymphocyte count in these patients. In post-acute 
patients, the negative correlation between AEA and PEA levels and the number of lymphocytes was persistent 
(Table 5). Furthermore, in post-acute patients, a positive correlation was observed between 2-AG and D-dimer 
which, coupled with a positive correlation calculated between OEA levels and CRP values, seem to indicate that 
alterations in eCB tone are maintained in post-acute patients.

Discussion
SARS-CoV-2 infection is characterized by the activation of a systemic inflammatory response that, in severe 
cases, is associated with the so-called cytokine storm. Given the relevant role of the ECS on the function of the 
immune system, since the onset of the pandemic, some authors proposed to consider this system as a possible 
therapeutic target12,14,24,25. However, to our knowledge, there is so far only one study where alterations in two 
eCBs have been found, mainly related to glucocorticoid treatment20. The purpose of our work was then to find 
alterations in the main circulating eCBs related to COVID-19 disease in acute and post-acute patients.

Table 2.   Univariate analysis of circulating eCB measurements.

Median p25 p75 Geometric mean Kruskall Wallis p-value

Dunn test

vs Control vs Acute

2-AG

Control 0.084 0.056 0.128 0.068  < 0.001*

Acute 0.905 0.121 3.591 0.755 < 0.001*

Post-acute 0.342 0.169 1.282 0.429 0.003* 0.794

AEA

Control 0.087 0.035 0.369 0.092 0.036*

Acute 0.171 0.033 0.384 0.128 0.825

Post-acute 0.054 0.038 0.066 0.051 0.130 0.016*

PEA

Control 0.079 0.044 0.110 0.079 0.050*

Acute 0.060 0.024 0.145 0.068 0.397

Post-acute 0.032 0.028 0.036 0.039 0.022* 0.160

OEA

Control 0.166 0.067 0.717 0.206 0.236

Acute 0.336 0.130 0.843 0.308 0.584

Post-acute 0.886 0.195 1.490 0.375 0.135 0.439

Table 3.   Multivariate analysis of circulating eCB levels adjusted for age and gender.

Coefficient p-value CI95% Exponentiated coefficient Coefficient p-value CI95% Exponentiated coefficient

2-AG

Control Ref

Acute 2.325  < 0.001* 1.559 3.091 10.23

Post-acute 1.709 0.001* 0.782 2.636 5.52  − 0.616 0.225  − 1.623 0.391 0.54

AEA

Control Ref

Acute 0.297 0.579  − 0.772 1.367 1.35 ref

Post-acute  − 0.647 0.156  − 1.549 0.255 0.52  − 0.945 0.009*  − 1.647  − 0.242 0.39

PEA

Control Ref

Acute  − 0.145 0.589  − 0.680 0.390 0.87

Post-acute  − 0.698 0.008  − 1.208  − 0.188 0.50  − 0.553 0.035*  − 1.065  − 0.041 0.58

OEA

Control Ref

Acute 0.428 0.352  − 0.486 1.342 1.53

Post-acute 0.659 0.314  − 0.641 1.959 1.93  − 0.231 0.696  − 0.947 1.408 1.26
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eCBs are bioactive lipids that are synthesized “on demand” and act as hydrophobic cellular messengers. 
These lipid messengers bind mainly to cannabinoid receptors, CB1R and CB2R. CB1R has a very broad distribu-
tion pattern, especially in the central nervous system, although it has also been described in peripheral tissues, 
such as liver, kidney and lung. However, CB2R is mostly expressed in cells of the immune system, as well as in 
related peripheral tissues, such as the spleen9,26. Several in vitro and animal model studies have shown that CB2R 
activation regulates leukocyte migration by decreasing the expression of endothelial adhesion molecules as well 
as decreasing the release of pro-inflammatory cytokines, while promoting the release of anti-inflammatory 
cytokines9. Thus, CB2R activation seems to play a relevant role in the response to viral infections and, especially, 
in the inflammatory response27. Moreover, an association has been described between CB2R-Q63R polymorphism 
with more severe inflammation in chronic hepatitis C virus infection28 and, more recently, with viral infections of 
the respiratory tract such as respiratory syncytial virus and even an increased risk of developing severe COVID-
19 following SARS-CoV-2 infection29,30.

The eCB circulating levels are dependent on the synthesis/degradation ratio in the different tissues and cells 
in which the eCB-related enzymes are expressed. This ratio can be altered both in physiological (i.e. exercise, 
dietary intake, circadian rhythm)19,31 and in pathological conditions such as depression, anxiety, cancer, neu-
rological diseases and particularly, in inflammatory processes32–37. In the context of COVID-19, Palmos et al.38 
have published a study where more than 3000 blood proteins have been analyzed to find potential biomarkers to 
evaluate the prognosis and evolution of patients. Interestingly, they found a strong association between elevated 
levels of the enzyme Fatty Acid Amide Hydrolase isoform-2 (FAAH2) and a higher risk of hospitalization. FAAH 
is the main enzyme involved in the hydrolysis and inactivation of AEA and other NAEs, such as PEA and OEA39. 
Furthermore, the work of de Carvalho and co-workers has shown alterations in the expression of enzymes 
involved in the synthesis but not in the degradation of AEA and 2-AG in leukocytes from COVID-19 patients20. 
Therefore, it could be expected that eCB levels may be altered in SARS-CoV-2 infection.

Our study was raised in the context of the first wave of the pandemic, when no treatment or vaccine was 
yet available. The fact that the population had not developed immunity or had access to antivirals that alter the 
course of the disease, more accurately reflects the initial inflammatory response. As subsequent waves occurred 

Table 4.   Correlation analysis between eCB levels and biochemical parameters in acute COVID-19 patients 
using Spearman rank correlation analysis.

CRP D-dimer IL-6 LDH APTT Leukocytes Neutrophils Lymphocytes Platelets

2-AG

Spearman coefficient 0.154 0.297 0.139 0.264  − 0.003 0.070 0.084  − 0.112  − 0.111

p-value 0.332 0.057 0.381 0.095 0.983 0.657 0.595 0.480 0.483

AEA

Spearman coefficient 0.246  − 0.189 0.179 0.122 0.170 0.016 0.184  − 0.315  − 0.158

p-value 0.117 0.230 0.257 0.448 0.282 0.919 0.242 0.042* 0.317

PEA

Spearman coefficient 0.126  − 0.090 0.142 0.161  − 0.205  − 0.111 0.042  − 0.363  − 0.166

p-value 0.411 0.556 0.353 0.297 0.178 0.466 0.782 0.014* 0.275

OEA

Spearman coefficient 0.231  − 0.123 0.007 0.105 0.154 0.028 0.059  − 0.050  − 0.064

p-value 0.126 0.420 0.965 0.499 0.313 0.854 0.699 0.746 0.679

Table 5.   Correlation analysis between eCB levels and biochemical parameters in post-acute COVID-19 
patients using Spearman rank correlation analysis.

CRP D-dimer IL-6 LDH APTT Leukocytes Neutrophils Lymphocytes Platelets

2-AG

Spearman coefficient 0.163 0.421 0.237 0.333 0.053  − 0.024 0.062  − 0.165  − 0.254

p-value 0.408 0.026* 0.225 0.083 0.788 0.904 0.753 0.403 0.192

AEA

Spearman coefficient 0.061  − 0.313 0.160 0.121 0.220  − 0.179  − 0.006  − 0.390  − 0.369

p-value 0.769 0.119 0.436 0.556 0.281 0.383 0.976 0.049* 0.064

PEA

Spearman coefficient  − 0.062  − 0.062  − 0.026 0.118  − 0.230  − 0.188  − 0.048  − 0.389  − 0.168

p-value 0.749 0.750 0.893 0.542 0.230 0.328 0.804 0.037* 0.383

OEA

Spearman coefficient 0.407  − 0.054 0.122  − 0.030 0.093 0.108 0.170  − 0.122  − 0.122

p-value 0.029* 0.782 0.527 0.876 0.631 0.578 0.379 0.529 0.528
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and vaccination efforts intensified, the focus shifted, but monitoring inflammation remains relevant to refine our 
response to COVID-19. Additionally, the information gathered during the first wave could serve as a starting 
point for identifying therapeutic targets or prognostic markers in future research.

When analyzing the eCB blood levels, we first observed that AEA, PEA and OEA were not significantly 
modified in acute patients. However, decreases in AEA and PEA levels were found in post-acute patients. This 
could be due to an increase in the expression of the FAAH enzyme described previously38, which would be inac-
tivating these endogenous ligands therefore, their circulating levels were reduced. Furthermore, in both groups 
of patients, a negative correlation was noted between AEA and PEA levels and the lymphocytes count. Despite 
the fact that both NAEs have anti-inflammatory properties, we found no correlation with inflammatory mark-
ers. Interestingly, although no significant changes in OEA levels were observed in any of the patient groups, a 
positive correlation with CRP values was obtained in post-acute patients. OEA has traditionally been linked to 
the regulation of energy metabolism, mainly via PPAR receptors40; however, in recent years controversial effects 
on the regulation of the immune system have been described. In some cases, anti-inflammatory effects have 
been reported41,42, but in other studies, it appeared to have a pro-inflammatory effect43. Based on the results of 
a previous clinical trial and despite the non-statistically significant results, further studies would be necessary 
to assess the long-term evolution of OEA levels and even to evaluate the possible role of OEA in long COVID44.

On the other hand, 2-AG followed a different profile to the NAEs analyzed, showing an increase in its circu-
lating levels in acute patients and remaining elevated in post-acute patients. This could suggest that NAEs and 
2-AG might be involved in different stages of the immune response. In fact, contradictory effects of 2-AG have 
been described in different models of inflammatory diseases. On the one hand, it has been seen that increased 
circulating levels of 2-AG can alleviate inflammation in an animal model of osteoarthritis45. On the other hand, 
elevated levels of 2-AG showed detrimental effects either by potentiating the release of IL-6 or by being metabo-
lized by COX-2-generating prostaglandins in inflammatory models in vitro46,47.

In the COVID-19 patient samples analyzed, a sustained increase in 2-AG, even 60 days post-infection, was 
observed. This finding could be consistent with the increased expression of one of the isoforms of phospholipase 
C-β involved in the 2-AG synthesis pathway20. Since 2-AG is a substrate of COX-2, which is also upregulated in 
these patients, this increase could be related to elevated prostaglandin E2 (PGE2) levels described in COVID-
19 patients at the time of hospital admission48. However, no association was found between 2-AG and some of 
the inflammatory parameters measured, such as IL-6 or CRP. Interestingly, we did find a positive correlation 
between 2-AG and D-dimer, which reached statistical significance in the post-acute group. During the post-acute 
phase of COVID-19, patients often exhibit elevated levels of D-dimer, along with other coagulation abnormali-
ties. These changes may be related to increased mortality rates and have been observed even in recovering or 
post-hospital discharge patients. The relationship between D-dimer and 2-AG levels can provide valuable insights 
into the inflammatory response during the post-acute phase.

Based on the results of this study, we cannot rule out 2-AG as a possible biomarker of inflammation, or even 
as an indicator of the severity of SARS-CoV-2 infection, supporting the findings of previous studies20,38, due to 
limitations primarily related to the context of sample collection during the first wave of COVID-19. Furthermore, 
it would be also valuable to assess the possible role of OEA in the pathogenesis of COVID-19.

The context for this study has determined both the recruitment and patient sample collection, limiting both 
the study population size and the volume of sample available from each participant. Moreover, given that our 
objective was to determine that the ECS, and specifically the eCBs, could be altered because of SARS-CoV-2 
infection and we could not know the potential impact of vaccines, it was essential to use samples collected before 
the start of the vaccination program in Spain. Therefore, neither gene expression nor enzyme activity studies have 
been performed to support the idea that eCB levels could be altered as a consequence of the alteration of ECS 
synthesis and/or degradation enzymes. These circumstances also affected the selection of healthy donor samples, 
as those prior to June 2019 had to be selected to ensure zero contact of these donors with the virus. Furthermore, 
given that our study population was in the age range of 49–75 years old, this was also a limitation of the study. 
Healthy donors are usually younger, so our control population was very limited in size. Another important 
limitation is the interindividual variability of the immune response, which has meant that the results obtained 
also showed some variability. In addition, it should be noted that samples from infected patients correspond to 
the first pandemic wave and inflammatory response was higher with this original virus. Similar variability has 
also been observed in other studies and does not invalidate the results obtained. Finally, another limitation of 
the study was the impossibility to analyze the association between eCB levels and severity of pneumonia, due to 
the fact that we had very few severe cases among our study population. In any event, our results are consistent 
with a role of the ECS in the pathogenesis of COVID-19, both in the acute and the post-acute phases. However, 
further studies are needed to strengthen these findings and to fully determine the role of this system in the 
SARS-CoV-2 inflammatory response.

Conclusions
This study shows that circulating eCBs have been altered following SARS-CoV-2 infection. These variations 
mainly concern 2-AG that showed increased levels that persisted even 30–60 days post-infection. Further studies 
are needed to address the potential role of the ECS in the SARS-CoV-2 inflammatory response and its potential 
role in long COVID development.

Data availability
Data used in this study are stored by corresponding authors and are only available by request, which can be 
submitted to M. Velasco and will be evaluated by the Hospital Universitario Fundación Alcorcón (HUFA) 
research committee.
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