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Abstract
Background  COVID-19, the disease caused by SARS-CoV-2 virus infection, has been a major public health problem world-
wide in the last 2 years. SARS-CoV-2-dependent activation of innate immune receptors contributes to the strong local and 
systemic inflammatory reaction associated with rapid disease evolution. The receptor-binding domain (RBD) of Spike (S) 
viral protein (S-RBD) is essential for virus infection and its interacting molecules in target cells are still under identification. 
On the other hand, the search for accessible natural molecules with potential therapeutic use has been intense and remains 
an active field of investigation.
Methods  C57BL6/J (control) and Toll-like receptor (TLR) 4-deficient (Lps del) mice were nebulized with recombinant 
S-RBD. Tumor Necrosis Factor-alpha (TNF-α) and Interleukin (IL)-6 production in bronchoalveolar lavages (BALs) was 
determined by enzyme-linked immunosorbent assay (ELISA). Lung-infiltrating cells recovered in BALs were quantified by 
hematoxylin–eosin (H&E) stain. In selected groups of animals, the natural compound Jacareubin or dexamethasone were 
intraperitoneally (ip) administered 2 hours before nebulization.
Results  A rapid lung production of TNF-α and IL-6 and cell infiltration was induced by S-RBD nebulization in control but 
not in Lps del mice. Pre-treatment with Jacareubin or dexamethasone prevented S-RBD-induced TNF-α and IL-6 secretion 
in BALs from control animals.
Conclusions  S-RBD domain promotes lung TNF-α and IL-6 production in a TLR4-dependent fashion in C57BL6/J mice. 
Xanthone Jacareubin possesses potential anti-COVID-19 properties that, together with the previously tested anti-inflamma-
tory activity, safety, and tolerance, make it a valuable drug to be further investigated for the treatment of cytokine production 
caused by SARS-CoV-2 infection.
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ACE-2	� Angiotensin-converting enzyme
BAL	� Bronchoalveolar lavage
COVID-19	� Coronavirus disease 2019
EU	� Endotoxin unit
IL-1β	� Interleukin 1-β
IL-6	� Interleukin 6
ip	� Intraperitoneally
LAL	� Limulus amebocyte lysate
RBD	� Receptor-binding domain
S-RBD	� RBD of the Spike protein
SARS-CoV-2	� Severe acute respiratory syndrome corona-

virus 2
S	� Spike
TLR4	� Toll-like receptor 4
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TMPRSS2	� Transmembrane serine protease 2
TNF-α	� Tumor necrosis factor-α
PAMP	� Pathogen-associated molecular pattern.
PRR	� Pattern Recognition receptor

Introduction

The ongoing pandemic by Coronavirus disease 2019 
(COVID-19) has caused millions of deaths worldwide and 
has turned into a serious threat to public health. COVID-19 
is caused by severe acute respiratory syndrome coronavi-
rus 2 (SARS-CoV-2) and its variants [1]. SARS-CoV-2 is 
a positive-sense single RNA virus belonging to the Coro-
naviridae family [2]. This virus infects host cells through 
a mechanism that requires its transmembrane Spike (S) 
protein, the angiotensin-converting enzyme 2 (ACE-2), and 
the transmembrane serine protease 2 (TMPRSS2). These 
last two proteins are highly expressed in pulmonary epi-
thelial cells [3, 4]. S protein is the most important antigen 
of SARS-CoV-2 and contains two functional subunits: S1, 
which includes the receptor-binding domain (RBD) that 
binds to ACE-2, and the subunit S2, required for the fusion 
of viral and host cell membrane [5]. After infection of host 
cells, an immune response characterized by the production 
of inflammatory cytokines and a weak interferon response 
is triggered [6]. In the most severe cases, patients could 
develop an uncontrolled pulmonary inflammation leading 
to an over-release of proinflammatory mediators including 
tumor necrosis factor-α (TNF-α), interleukin (IL)-6 and 
IL-1β [6, 7]. Deregulated activation of inflammatory path-
ways causes a phenomenon known as hypercytokinemia or 
“cytokine storm”, which has been observed in both serum 
and bronchoalveolar lavages (BALs) of COVID-19 patients 
[8, 9].

Being excessive inflammation one of the primary events 
associated with severe cases of COVID-19, there has been 
increased interest in developing effective therapeutic strate-
gies, including novel natural compounds with anti-inflam-
matory properties, to help patients coursing severe forms 
of COVID-19-associated hypercytokinemia. We previously 
reported the anti-inflammatory properties of Jacareubin, a 
xanthone molecule found in the heartwood of the American 
tropical tree Calophyllum brasiliense. We demonstrated that 
Jacareubin inhibits mast cell degranulation in vitro and pas-
sive cutaneous anaphylaxis and edema in mice, suggesting 
that this xanthone could be an efficient antioxidant, antial-
lergic, and anti-inflammatory molecule [10].

Although it is well known that RBD of the Spike protein 
(S-RBD) interacts with ACE-2 receptor from the host cells 
[11], molecular docking studies have shown that S protein 
also can interact with other receptors, such as Toll-like 
receptors (TLRs), crucial components of innate immunity 

specialized in recognizing pathogens or damage-associated 
molecular patterns. Particularly, these in silico analyses 
showed that TLR4 binds the S protein of SARS-CoV-2, and 
this protein–protein interaction is the strongest among all 
analyzed TLRs [12]. However, the interaction between RBD 
of S protein and TLR4 has not been investigated in in vivo 
models that evaluate the lung inflammatory response evoked 
by nebulization of S-RBD.

Here, we report that nebulized recombinant S-RBD from 
SARS-CoV-2 induces an early and intense lung inflamma-
tion in mice through the activation of TLR4 receptor and that 
the natural compound Jacareubin prevents S-RBD-induced 
TNF-α and IL-6 synthesis on mice lungs. Our results add 
to the notion that TLR4 is a plausible therapeutic target in 
COVID-19 and suggest that Jacareubin should be further 
examined as a potential therapeutic agent to prevent the 
inflammation associated with the disease.

Material and methods

Animals

Eight-to 10-week-old C57BL6/J (C57) and TLR4-deficient 
male mice (Lps del) from The Jackson Laboratory were 
used (stocks # 000,664 and 007,227, respectively). Mice 
were maintained in controlled conditions of temperature 
(22–24° C) and humidity, with free access to food and 
water. All experimental procedures were approved by the 
Institutional Committee for the Care and Use of Labora-
tory Animals (CICUAL, authorization number 74–13). Our 
procedures also followed the National Institutes of Health 
(NIH) guidelines for the use and care of laboratory animals.

Reagents

All drugs and chemicals were purchased from Sigma (St. 
Louis, MO, USA), with the following exceptions: dexa-
methasone solution for injection (AlinR, 8 mg/2 mL) was 
from CHINOIN (Mexico City, Mexico); silica gel 70/230 
was from Macherey–Nagel (Düren, Germany); silica gel 60 
was from Merck (Darmstadt, Germany); sodium chloride 
(NaCl) and glycerol were from Tecsiquim (México). For the 
final concentration, all reagents were diluted in sterile saline 
solution (NaCl 0.9%, PiSA).

Wood collection of Calophyllum brasiliense 
and isolation of Jacareubin

Identification of C. brasiliense Cambess (Clusiaceae) tree 
was performed at the Selva Lacandona, Chiapas, Mexico, 
by J.I. Calzada. After collection, a wood sample (00,011-
XALw) and a voucher (JIC-3116) were deposited in the 
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Herbarium and xylotheque “Dr. Faustino Miranda”, from 
the Instituto de Ecología, A.C., at Xalapa, Veracruz, México 
[10].

Jacareubin was obtained from the methanolic extract 
(74 g) of chips from the heartwood of the Calophyllum 
brasiliense tree (711 g), by column chromatography silica 
gel 60, 1 kg with a mobile phase of hexane–ethyl acetate 
(7:3). A mixture of three xanthones (fractions 138–227) was 
obtained from the methanolic extract, from which a 6-g sam-
ple was separated by column chromatography (1 m height 
and 5 cm diameter) using 120 g of silica gel 70/230, starting 
with a mobile phase of hexane and gradually increasing the 
polarity with ethyl acetate [10].

Jacareubin was eluted with the mobile phase of hex-
ane–ethyl acetate 87:13 (fractions 105–198, 400  mg). 
The structure and purity of Jacareubin used in this study 
was determined by 1H-NMR and 13C-NMR (Fig. 1) with 
a Bruker AVANCE III HD 700 MHz (Cambridge Isotope 
Laboratories, MA, USA). 1H NMR (700  MHz, deuter-
ated acetone). δ 13.55 (1H, s, OH-1), 8.94 (2H, s, OH-5 & 
OH-6), 7.62 (1H, d, J = 8.8 Hz, H-8), 6.98 (1H, d, J = 8.8 Hz, 
H-7), 6.67 (1H, d, J = 10.3 Hz, H-1’), 6.33 (1H, s, H-4), 5.72 
(1H, d, J = 10.3 Hz, H-2’), 1.47 (6H, s, CH3-4’ & CH3-5’). 

13C NMR (175 MHz, deuterated acetone) δ 181.30 (C-9), 
161.08 (C-1), 158.67 (C-3), 157.85 (C-4a), 152.25 (C-6), 
146.87 (C-5a), 133.23 (C-5), 128.65 (C-2’), 117.47 (C-8), 
115.79 (C-7), 114.71 (C-8a), 113.83 (C-1’), 105.21 (C-2), 
103.55 (C-9a), 95.52 (C-4), 78.96 (C-3’) and 28.48 (C-4’ & 
C-5’). Jacareubin was analyzed by High-Performance Liquid 
Chromatography (HPLC–UV) as described previously [10]. 
Finally, mass spectrometry of the batch used in this study 
was performed by Direct Analysis in Real-Time (DART) 
m/z (%): 327 M+ + 1 (100); 326 (7) M + , in an AccuTOF 
JMS-T100LC equipment (Tokyo, Japan), and the purity 
was > 99% (Figure S1).

Recombinant S‑RBD of SARS‑CoV‑2 purification

The S-RBD gene was synthesized by Synbio Technolo-
gies with codon optimization for Escherichia coli produc-
tion. This gene was sub-cloned into a modified pRSET-A 
plasmid [13] and the sequence was optimized for bet-
ter solubility by deleting amino acid residues from the 
N-and C-term (RBD-NTCT). The final construction was 
expressed in SoluBL21 (DE3) Escherichia coli strain 
(Genlantis, USA) and purified as described [14]. The 

Fig. 1   Structure of Jacareubin A and its 1H-NMR (700 MHz) B and 13C-NMR (175 MHz) C spectra
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purified S-RBD was stored in refolding buffer with the 
following composition in mM: 20 Tris–HCl pH 8.0, 100 
NaCl, 0.4 oxidized glutathione, 0.2 reduced glutathione, 1 
phenylmethanesulfonyl fluoride (PMSF), 100 arginine, and 
5% glycerol. S-RBD was maintained at -70 ºC for later use. 
Figure 2A shows the final step of the purification process 
of the S-RBD domain, where the purity of the protein was 
confirmed by SDS-PAGE electrophoresis (Fig. 2B). For 
all the experiments, a mixture of fractions a, b, and c was 
utilized.

In addition, endotoxin concentration was measured in 
three different samples of the stocks of S-RBD that were 
used in this study using the ToxinSensor™ Chromogenic 
LAL Endotoxin Assay Kit (GeneScript, USA; cat. number: 
L00350), following the manufacturer’s instructions. Less 
than 3.24 EU/mL were detected in the S-RBD stock sam-
ples analyzed. Since, for nebulization experiments, those 
stocks were diluted 1:5 with endotoxin-free saline solu-
tion, the final concentration of endotoxin in the nebuliza-
tion solution was less than 0.648 EU/mL, which is equiva-
lent to close to 0.0648 ng/mL of endotoxin (considering 
that 1 EU/mL = 0.1 ng endotoxin/mL of solution [15]). 
This amount of LPS did not induce the expression of any 
inflammation marker in mice used in this study (data not 
shown).

Murine model of lung inflammation 
and bronchoalveolar lavages

A model of acute lung inflammation was performed as 
described previously [16] with some modifications. Briefly, 
C57 or Lps del mice were “whole body” nebulized with 
vehicle (saline), LPS  (from Escherichia coli, serotype 
O55:B5), or S-RBD using glass cages with a filter on the 
top connected to a PVC tube, which was attached to the 
nebulizer Nebucor P-103 (México). For each nebulization 
protocol, a total volume of 5 mL of LPS or S-RBD solution 
was used, both at a concentration of 100 µg/mL. Then, four 
animals were placed per cage and the nebulization protocol 
was performed, which consisted of four nebulizations of 
5 min each, alternate with 5 min of rest (without nebuliza-
tion), with a total duration of 40 min. As a control, C57 and 
Lps del mice were nebulized, instead of LPS or S-RBD, 
with sterile saline or refolding buffer diluted in sterile saline 
to 5 mL (approx. 500–1000 µL of refolding buffer in 5 mL 
of sterile saline). In some experiments, different doses of 
Jacareubin (3.3 or 33 mg/kg), dexamethasone (20 mg/kg), 
or saline were administrated intraperitoneally to each C57 
mouse 2 h before nebulization with S-RBD.

Once the nebulization protocol was finished, mice were 
sacrificed by CO2 inhalation at different times (0, 0.5, 1, 

Fig. 2   Purification of the recombinant RBD domain of the Spike 
protein from SARS-CoV-2. A Gel filtration (last step of the purifi-
cation) of the recombinant RBD showing the Abs280nm chromato-
gram. B The fractions were analyzed by 8% SDS-PAGE showing a 
band corresponding to the predicted MW of the monomer, and some 

light bands corresponding to an SDS-resistant oligomers (fraction a). 
RBD: receptor-binding domain; SDS-PAGE: Sodium Dodecyl Sul-
phate–Polyacrylamide Gel Electrophoresis; MW: molecular weight; 
kDa: kilo Daltons
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2, 4, 8, 12 y 24 h), where 0 h is immediately after nebu-
lization (baseline). Subsequently, bronchoalveolar lavages 
(BALs) were performed as previously described [17]. In 
brief, a tracheotomy was performed, and the trachea was 
cannulated with a 22 G × 1″ catheter before exposing the 
thoracic cavity. Then, two separate 0.8-mL aliquots of sterile 
saline were slowly injected and aspirated, and this procedure 
was repeated two times. Approximately 1–1.2 mL of BAL 
were recovered per mouse and centrifugated at 10,000 rpm 
in a HERMLE Z-233 MK-2 centrifuge for 10 min at 4 °C. 
Finally, supernatants were obtained and stored at − 80 °C 
until assayed, and cell pellets were used for H&E staining 
as described in the next section.

Hematoxylin and eosin staining

Cell pellets (of three independent BALs obtained from three 
animals per condition) were resuspended in 500 µL of PBS-
1X and placed on electrocharged slides for 15 min. Cells 
were then fixed in methanol for 5 min and stained with an 
H&E staining kit from Abcam (Cat. number: AB245880), 
according to the provider´s instructions. Images were 
acquired using an inverted optical microscope (Leica, 
Wetzlar, Germany) using the 10× and the 40× objectives. 
Magnification and cell counting was performed as follows: 
the full image obtained with the 40X objective was consid-
ered a “field” and it corresponds to an approximate area of 
0.125 mm2. Micrographs of at least three fields per slide 
were obtained with an EC3 camera (Leica) coupled to the 
microscope. The total number of cells per field at 40× was 
obtained analyzing each micrograph with the cell counting 
plugin of the free ImageJ software (NIH), and the results 
were expressed as the number of cells per field at 40×. Cali-
bration bar was obtained using the software included with 
the EC3 Leica camera, the Leica Application Suite (LAS), 
version 3.2.0.

ELISA assay for TNF‑α and IL‑6 quantification

Concentrations of TNF-α and IL-6 were determined in 200 
µL of each BAL using cytokine-specific enzyme-linked 
immunosorbent assay (ELISA) kits (PeproTech, USA. 
Cat. numbers: 900-K54 for TNF-α and 900-K50 for IL-6), 
according to the manufacturer’s instructions. In each deter-
mination, a standard curve was used to calculate the con-
centration of TNF-α or IL-6 in picograms per milliliter (pg/
mL) of BAL.

Data analysis

Data are expressed as mean ± SEM of at least four inde-
pendent experiments, except when non-parametric tests 
were performed, in which case median and range are 

reported. Normal distribution of data was validated using 
Shapiro–Wilk test. Data from time courses of cytokine pro-
duction and H&E cell counting experiments were analyzed 
by two-way ANOVA. When F achieved minimal statisti-
cal significance, the Dunnett or Tukey post hoc tests were 
used for multiple comparisons. Data generated of Jacareubin 
effects in the secretion of cytokines were analyzed using the 
Mann–Whitney test. Significant difference among experi-
mental groups was set when p < 0.05.

Results

S‑RBD triggers an intense TLR4 receptor‑dependent 
lung inflammation in mice

The effect of the nebulization of RBD on lung inflammation 
of mice and its dependence on TLR4 receptor triggering was 
assessed. First, mice from the strains C57BL6/J (control, 
C57) and the TLR4-deficient (Lps del) were nebulized with 
bacterial LPS (100 µg/mL) as described by Skerrett et al. 
[16] and in the material and methods section. Then, bron-
choalveolar lavages (BALs) were performed and the inflam-
matory response was evaluated by quantifying, by ELISA, 
the levels of TNF-α (for details, see materials and methods 
section). Results are presented in Figure S2. LPS treatment 
induced an increase in TNF-α concentrations in BALs of 
treated C57 mice (baseline: 91.5 ± 18.0 pg/mL; 2 h post-
nebulization: 978.9 ± 57.8 pg/mL; Figure S2, gray bars). As 
expected, a diminished inflammatory response triggered by 
LPS was observed in Lps del mice compared to C57 mice, 
since no significant changes in TNF-α levels were found 
at any time evaluated (Figure S2, pink bars, RM-Two Way 
ANOVA; F1, 8 = 128.4; p < 0.001; n = 5 animals per each 
condition). Predictably, no changes in TNF-α levels were 
observed when the LPS vehicle was nebulized (data not 
shown).

Next, C57 and Lps del mice were nebulized with distinct 
amounts of recombinant S-RBD (100 µg/mL, Fig. 3). A sig-
nificant increase in TNF-α levels was observed at 2, 4, and 
8 h post-nebulization with S-RBD, reaching the maximum 
value 4 h after nebulization (baseline: 151.4 ± 30.9 pg/mL; 
4 h post-nebulization: 812.9 ± 29.2 pg/mL; Fig. 3A, gray 
bars). As observed with LPS-dependent TNF-α production, 
12 and 24 h after S-RBD nebulization, TNF-α levels in 
BALs returned to baseline. Interestingly, TNF-α accumula-
tion triggered by S-RBD was fully prevented in Lps del mice 
(Fig. 3A, pink bars, RM-Two Way ANOVA; F1, 8 = 211.8; 
p < 0.001; n = 5 animals per each condition), As expected, 
no TNF-α production was observed in C57 or Lps del ani-
mals when the S-RBD vehicle (diluted refolding buffer, see 
material and methods section) was utilized for nebulization 
(results not shown).
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Since, together with TNF-α, IL-6 is an important compo-
nent of the cytokine storm induced by SARS-CoV-2 infec-
tion (reviewed in [18]), we also evaluated the secretion of 
this cytokine in BALs of S-RBD-treated mice. As observed 
with TNF-α secretion, S-RBD elicited a rapid increase in 
the levels of IL-6 in BALs from C57 mice, reaching the 
maximal concentration 4 h after nebulization (baseline: 
68.5 ± 19.2 pg/mL; 2 h post nebulization: 229.1 ± 16.9 pg/
mL; 4 h post-nebulization: 338.9 ± 17.4 pg/mL). At longer 
times (8, 12 and 24 h post-nebulization), no significant 
changes in IL-6 values were found compared to baseline 
(Fig. 3B, gray bars). S-RBD nebulization in Lps del mice did 
not induce any significant change on IL-6 secretion at any 
time evaluated (Fig. 3B, pink bars, RM-Two Way ANOVA; 
F1, 8 = 31.4; p < 0.001; n = 5 animals per each condition).

Additionally, cell infiltrates in retrieved BALs from C57 
and Lps del mice treated with S-RBD were analyzed by 
H&E staining (Fig. 4). Representative photographs of the 
cells observed under the 10X and the 40× objectives are 
presented on Fig. 4A, whereas the number of cells detected 
in ten random fields observed under the 40× objective, in 
three independent BALs (see material and methods section), 
is shown in Fig. 4B. As observed, in C57 mice, S-RBD 
induces an increase in the number of recovered cells from 
BALs 2 h post nebulization (zero time post-nebulization: 
30.0 ± 2.9 cells/field; 2 h post-nebulization: 58.8 ± 7.6 cells/
field; p < 0.001). In contrast, in mice lacking TLR4, the num-
ber of infiltrating cells was not different between 0 and 2 h 
after nebulization with S-RBD (zero time after nebulization: 
24.7 ± 2.3 cells/field; 2 h post-nebulization: 26.1 ± 1.9 cells/

field; p = 0.996), showing a significant difference between 
mouse strains (Fig. 4B, RM-Two Way ANOVA; F1, 36 = 20.9; 
p < 0.001; n = 10 fields per each condition). Taken together, 
these data demonstrate that S-RBD induces an acute lung 
inflammation through mechanisms involving TLR4 receptor 
activation and subsequent signaling.

Pretreatment with Jacareubin prevents lung 
inflammation triggered by S‑RBD of the spike 
protein

Given that uncontrolled lung inflammation is probably 
one of the main causes of mortality in SARS-CoV-2 infec-
tion [19], we decided to evaluate the potential therapeutic 
effect of Jacareubin, a natural compound with previously 
demonstrated antioxidant and anti-inflammatory activity 
[10], on S-RBD-induced acute lung inflammation in C57 
mice. Therefore, two different doses of Jacareubin (33 and 
3.3 mg/kg) were ip administered 2 h before the nebuliza-
tion with S-RBD, and TNF-α levels were measured in BALs 
2 h after nebulization (for details, see materials and meth-
ods section). As expected, Jacareubin vehicle (saline) pre-
treatment did not prevent increased TNF-α secretion after 
nebulization with S-RBD (baseline: 208.9 (196.4) pg/mL; 
2 h post-nebulization: 724.4 (228.3) pg/mL; Fig. 5 left panel, 
black symbols, Mann–Whitney test; p = 0.0286; n = 4 ani-
mals per time point). Pre-treatment with 3.3 or 33 mg/kg of 
Jacareubin prevented TNF-α increase induced by S-RBD 
nebulization (3.3 mg/kg, baseline: 155.3 (99.6) pg/mL; 2 h 
post-nebulization: 320.5 (319.1) pg/mL; Fig. 5 left panel, 

Fig. 3   S-RBD nebulization triggers an intense TLR4 receptor-
dependent lung inflammation in mice. The effect of S-RBD nebu-
lization on TNF-α (A) and IL-6 (B) secretion from C57 (gray bars) 
and Lps del (red bars) animals. TNF-α and IL-6 secretion was meas-
ured in BALs by ELISA at different time points post-nebulization. 
Data are presented as mean ± SEM. **p < 0.01 and ***p < 0.001 

vs 0  h post-nebulization using Two-way ANOVA and Dunnett post 
hoc test, n = 5 animals for each condition. S-RBD: RBD of the Spike 
protein; TNF-α:  Tumor necrosis factor-alpha; IL-6:  Interleukin 6; 
BALs:  Bronchoalveolar lavages; ELISA:  enzyme-linked immuno-
sorbent assay
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blue symbols, Mann–Whitney test; p = 0.1143; n = 4 animals 
per time point; and 33 mg/kg, baseline: 188.0 (141.8) pg/
mL; 2 h: 243.0 (225.5) pg/mL; Fig. 5 left panel, purple sym-
bols, Mann–Whitney test; p = 0.6857; n = 4 animals per time 
point). To compare the anti-inflammatory effect of Jacareu-
bin with a potent well-known anti-inflammatory and immu-
nosuppressant drug, a group of control mice was nebulized 
with dexamethasone (20 mg/kg) [20]. We found that, similar 
to Jacareubin, dexamethasone pre-treatment completely pre-
vented RBD-induced TNF-α secretion 2 h after nebulization 
(Fig. 5 left panel, orange symbols). Finally, the effect of Jac-
areubin in S-RBD-induced IL-6 production was also evalu-
ated. As observed in right panel of Fig. 5, pretreatment with 

Jacareubin (33 mg/kg) prevented IL-6 accumulation in BALs 
when measured at optimal time (zero time post-nebulization: 
54.3 (70.6) pg/mL; 4 h post-nebulization: 83.8 (85.3) pg/
mL; Fig. 5 right panel, purple symbols, Mann–Whitney test; 
p = 0.3429; n = 4 animals per time point).

Discussion

It is well accepted that ACE-2 mediates the entry of SARS-
CoV- 2 into host cells via binding of the RBD domain-
containing in its structural S protein [3]. However, in silico 
studies have revealed that S protein can interact with innate 

Fig. 4   H&E staining of cells pellets recovered from BALs. A Rep-
resentative images of cells infiltrated in BALs from C57 mice (left 
panel) and Lps del mice (right panel) after 2 h post-nebulization with 
S-RBD. B Cell numbers detected in BALs from mice nebulized with 
S-RBD. Data were collected from at least three different random 
fields from slides with cells from independent BALs observed under a 

40× objective (see Material and Methods section). Data are presented 
as mean ± SEM. ***p < 0.001 using Two-way ANOVA and Tukey 
post hoc test, n = 10 fields of at least 3 BALs per condition. Calibra-
tion bar = 100 µm. S-RBD: RBD of the Spike protein; BALs: Bron-
choalveolar lavages
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immune receptors such as Toll-like receptors (TLRs), rais-
ing the possibility that other receptors participate in the 
viral infection and inflammatory response [12] and S-RBD 
could be considered as a putative pathogen-associated 
molecular pattern (PAMP) recognized by TLR4 receptor. 
Here, we found that S-RBD nebulization triggers an intense 
lung inflammation in a TLR4-dependent manner, and this 
response is comparable to that induced by LPS. These 
results are in line with those found in silico and in cell cul-
tures of innate immune cells, where it has been shown that 
S protein binds and activates TLR4 receptors and its sig-
nal transduction pathway. In monocytes and macrophages, 
S protein induces an increase in the secretion of TNF-α, 
IL-1β, and IL-6. Accordingly, that reported activity was 
blocked by the TLR4-specific inhibitor resatorvid or spe-
cific siRNAs and was absent in macrophages obtained from 
TLR4-deficient mice [12, 21–24]. Interestingly, TLR4 and 
its related signaling molecules were strongly overexpressed 
in alveolar macrophages after a challenge with the whole S 
protein [24]. In those studies, a direct interaction between 
TLR4 and the S protein of SARS-CoV-2 was suggested, 
although no specific epitope of S protein was identified as 
a ligand for the TLR4 receptor. The effect of monomeric 
S-RBD on the activation of immune cells with a possible 
participation of pattern recognition receptors (PRRs) has 
been documented. For example, primary dendritic cells 
derived from monocytes from healthy donors increased the 
expression of maturation markers in response to complete 
S protein or the purified S-RBD domain [25]. In that study, 
the secretion of IL-6, TNF-α, and IL-1β was also induced 

and the response to purified S-RBD domain was remark-
ably similar with that observed with LPS [25]. On the other 
hand, specific interaction of S-RBD domain with TLR4 has 
been previously reported [21]. Interestingly, S-RBD domain-
dependent activation of TLR4 in THP-1 monocytes seems 
to require the formation of a trimeric aggregate, since the 
monomeric S-RBD did not induce cytokine production in 
those cells [21]. The discrepancy between results obtained 
from distinct in vivo and in vitro models of inflammation 
could be related to the formation of S-RBD aggregates in the 
protein preparations used, the aggregation of the protein due 
to the presence of lung mucins or discrete differences in the 
expression of PRRs and their co-receptors in each responsive 
cell. This interesting aspect should be further explored.

In the present study, we used the RBD domain of S pro-
tein and an in vivo model with Lps del mice, that present a 
deletion in the Lps locus and only the TLR4 gene is absent 
in those animals [26]. Our data, using this animal model 
for the first time, strongly suggest that the S-RBD domain 
could be a ligand of the TLR4 receptor in the mice lung and 
adds to those studies that place this interaction as one of the 
main events that initiate the pulmonary inflammatory reac-
tion in response to SARS-CoV-2 infection. However, further 
research should be conducted to discard the participation of 
other intermediate molecules.

Our study evaluated the inflammatory response by meas-
uring cell infiltrate and TNF-α and IL-6 presence in BALs, 
through which we observed a local inflammation after 
S-RBD nebulization. This finding is relevant because SARS-
CoV-2 infection occurs mainly in the lower respiratory tract 

Fig. 5   Jacareubin inhibits S-RBD-induced TNF-α and IL-6 secretion 
in a murine model of lung inflammation. The effects of pretreatment 
with 3.3 or 33  mg/kg of Jacareubin or saline in TNF-α (left panel) 
and IL-6 (right panel) secretion are shown. After pretreatment (2 h), 
C57 mice were nebulized with S-RBD, and secretion of TNF-α and 
IL-6 in BALs was determined by ELISA at 0 and 2  h post-nebuli-
zation and 0 and 4 h post-nebulization, respectively. Dexamethasone 

pretreatment was used as a control. Comparisons were made between 
0 and 2 h or 4 h post-nebulization of each experimental group. Data 
are presented as Median and range. *p < 0.05 vs 0  h post-nebuliza-
tion using Mann–Whitney test, n = 4 animals for each condition. 
S-RBD: RBD of the Spike protein; TNF-α: Tumor necrosis factor-α; 
IL-6: Interleukin 6; BALs: Bronchoalveolar lavages
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[27], and it is well known that respiratory failure is the 
primary cause of death by COVID-19 [28], an event that 
is accompanied by a cytokine storm that includes TNF-α, 
IL-1β, and IL-6, among other mediators. Several studies 
have evaluated the inflammatory response in bronchoalveo-
lar fluids of COVID-19 patients. One of them was executed 
by Zhou and cols., who demonstrated by metatranscrip-
tomic sequencing, that BALs of eight confirmed COVID-19 
patients exhibited overexpression of proinflammatory genes 
compared to healthy controls, suggesting that infection by 
SARS-CoV-2 promotes a hyperproduction of inflamma-
tory cytokines in the lung. Interestingly, several upregu-
lated genes were associated with “interleukin” and “tumor 
necrosis factor” categories [9]. On the other hand, sepsis 
has been reported in almost all deceased patients, but the 
mechanism by which SARS-CoV-2 infection leads to viral 
sepsis remains unclear [29].

To date, approximately 5.6 million deceases have been 
reported worldwide despite the efforts to vaccinate the entire 
population (https://​covid​19.​who.​int/ accessed on 31 January 
2022) [30], making the identification of new accessible com-
pounds for COVID-19 treatment a very important area on 
the search of therapeutic strategies. We evaluated the poten-
tial therapeutic effect of Jacareubin, a natural compound 
with antioxidant and anti-inflammatory properties whose 
safety and low toxicity, at least at the dose used in this study, 
have been tested both in vivo and in vitro [31]. We previ-
ously demonstrated that Jacareubin inhibits FcεRI-induced 
degranulation of cultured mast cells (MCs) by inhibiting 
the production of ROS required to activate calcium chan-
nels and subsequent activation of MCs. Moreover, it was 
demonstrated that Jacareubin hinders local inflammatory 
reactions in vivo dependent on MCs and phagocytes [10]. 
Here, we showed that Jacareubin completely blocked the 
over-release of TNF-α and IL-6 in the lungs, triggered by 
S-RBD nebulization.

This finding is in line with those obtained in vitro uti-
lizing compounds such as palmitoylethanolamide and can-
nabidiol, which have shown anti-inflammatory effects in 
response to stimulation of cultured cells with the S protein 
of SARS-CoV-2 [24, 32]. Our results (performed with an 
in vivo model of lung inflammation), suggests that Jacareu-
bin is a natural product able to prevent S-RBD-induced lung 
damage. If Jacareubin can improve survival after SARS-
CoV-2 viral infection in murine or other in vivo models, 
remains as an unexplored aspect on the actions of this com-
pound. Identification of potential therapeutic agents against 
COVID-19 is especially relevant in a context where new 
SARS-CoV-2 variants are regularly found [33, 34]. In that 
sense, additional strategies, besides vaccines, are required 
for improving the prognosis of severe forms of COVID-19.

Although this work provides important new insights 
regarding the identification of the PRRs involved in 

S-RBD recognition and the characterization of poten-
tially useful natural compounds to treat COVID-19, we 
are aware of the limitations of the study, such as the use 
of mice derived from one single strain (C57BL6/J) and the 
relatively small sample size utilized. Also, effects of Jac-
areubin on other pro-inflammatory parameters associated 
to COVID-19 (such as the production of other cytokines 
or reactive oxygen species, ROS) remain to be evalu-
ated. Current studies in our laboratories are now being 
conducted to evaluate those and other immunological 
parameters in response to S-RBD in mice and the effects 
of Jacareubin. Nevertheless, this work provides new infor-
mation that improves the understanding of the molecular 
pathophysiology of COVID-19 and potentially therapeutic 
natural agents.

In summary, our results strongly suggest that S-RBD 
could interact with TLR4 receptors to induce a rapid 
increase in the number of infiltrated cells and TNF-α and 
IL-6 levels in the lung. Also, our data show that the natural 
xanthone Jacareubin is a novel anti-inflammatory com-
pound that may have potential therapeutic applications to 
control the excessive inflammatory response observed in 
COVID-19 and illustrate the importance of biodiversity 
in drug discovery.
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