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	 Background:	 The prevalence of type 2 diabetes mellitus is rising, presumably because of a coexisting pandemic of obesi-
ty. Since diabetic neuropathy and neuroinflammation are frequent and significant complications of both pro-
longed hyperglycemia and iatrogenic hypoglycemia, the effect of glucose concentration and resveratrol (RSV) 
supplementation on cytokine profile was assessed in an in vitro model of the blood–brain barrier (BBB).

	 Material/Methods:	 The in vitro model of BBB was formed of endothelial cells and astrocytes, which represented the microvascular 
and brain compartments (MC and BC, respectively). The BC concentrations of selected cytokines – IL-10, IL-12, 
IL-17A, TNF-a, IFN-g, GM-CSF in response to different glucose concentrations in the MC were studied. The in-
fluence of LPS in the BC and RSV in the MC on the cytokine profile in the BC was examined.

	 Results:	 Low glucose concentration (40 mg/dL) in the MC resulted in increased concentration of all the cytokines in the 
BC except TNF-a, compared to normoglycemia-imitating conditions (90 mg/dL) (P<0.05). High glucose concen-
tration (450 mg/dL) in the MC elevated the concentration of all the cytokines in the BC (P<0.05). RSV decreased 
the level of all cytokines in the BC after 24 h following its administration for all glucose concentrations in the 
MC (P<0.02). The greatest decline was observed in normoglycemic conditions (P<0.05).

	 Conclusions:	 Both hypo- and hyperglycemia-simulating conditions impair the cytokine profile in BC, while RSV can normal-
ize it, despite relatively poor penetration through the BBB. RSV exhibits anti-neuroinflammatory effects, espe-
cially in the group with normoglycemia-simulating conditions.
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Background

The prevalence of diabetes mellitus (DM) and impaired glu-
cose tolerance (IGT) is rising worldwide [1]. Both of these con-
ditions are correlated with an increased incidence of innate im-
munity dependent low-grade systemic inflammation [2-4]. The 
presence of such an inflammatory response within the blood–
brain barrier can be potentially harmful, disrupting its integ-
rity and increasing permeability, which may in turn promote 
penetration of potentially toxic or immunogenic substances 
to the central nervous system [5]. Furthermore, hyperglycemia 
can promote mitochondrial oxidative stress through enhanc-
ing glucose influx to insulin-independent cells [6,7], as well as 
biosynthesis of advanced glycation end-products (AGE) that 
may exert pro-inflammatory effects through activating recep-
tors for advanced glycation end-products (RAGE) and some 
pattern-recognizing receptors (PRR), thus promoting neuroin-
flammation [8,9]. Therefore, both DM and IGT increase the risk 
of neuroinflammatory response through excessive stimulation 
of innate immunity as a result of both increased ROS produc-
tion and AGE biosynthesis. Increased ROS and AGE concen-
trations can promote release of pro-inflammatory cytokines 
through direct or indirect activation of NF-kB signaling path-
ways [9]. Altered glucose concentration in the plasma can in-
duce an adaptive response within the BBB, and thus change 
the rate and characteristics of glucose transport from the plas-
ma to the brain parenchyma. Moreover, hyperglycemia-depen-
dent oxidative stress can activate an innate immunity hyper-
glycemia-dependent inflammatory response within the BBB, 
which can disrupt its integrity and increase permeability [5].

In the course of hyperglycemia, an excessive influx of glucose 
to insulin-independent cells results in accelerated rates of ox-
idative glycolysis and tricarboxylic acid cycle (TCA). Because 
TCA reactions are coupled with transforming NAD+ into NADH, 
while neither NAD+ nor NADH can cross mitochondrial mem-
branes through simple diffusion, the increased rate of TCA can 
decrease the NAD+/NADH ratio in the mitochondria. At the 
same time, intracellular ATP concentration is high, which can 
inhibit electron transport chain (ETC), a normal acceptor of free 
electrons carried by NADH. This can produce an increased risk 
of non-enzymatic electron drop into molecular oxygen (ie, ROS 
production), with subsequent NF-kB activation by ROS [10,11].

Since increased ROS concentrations can inhibit GADPH, oxida-
tive stress can redirect glucose metabolism from oxidative gly-
colysis to the AGE biosynthesis pathway, among others [6,7]. 
In turn, increased AGE concentrations can exert pro-inflamma-
tory effects, both through RAGE activation and through activa-
tion of some pattern-recognizing receptors (eg, TLR4), which 
finally stimulates NF-kB-dependent signaling and release of 
some pro-inflammatory cytokines. Therefore, pro-oxidative 
effects of hyperglycemia in endothelial cells and neurons can 

promote neuroinflammation [9]. In these conditions, the role 
of astrocytes becomes particularly important—firstly, because 
astrocytes are an essential part of the BBB in modulating and 
maintaining the barrier properties of the brain endothelial 
cells [12]; and secondly, because astrocytes cooperate with 
neurons on several levels, including neurotransmitter traffick-
ing and recycling, ion homeostasis, energy metabolism, and 
defense against oxidative stress [13,14].

Increased ROS concentration in the mitochondria produces a 
risk of mitochondrial DNA (mtDNA) damage, so it also acti-
vates mechanisms which protect the cell from the effects of 
such damage (eg, HSP-60 expression). However, some HSP-60 
molecules may be transported to the cell membrane, where 
they can activate extracellular innate immunity mechanisms 
(eg, pattern-recognizing receptors [PRRs] on leukocytes) [15].

Although glycogen synthase is allosterically activated in CNS 
by glucose-6-phosphate (G6P), and neurons also have an ac-
tive glycogen metabolism, brain glycogen is stored in astrocytes 
but not in neurons [16,17]. Thus, neurons require continuous 
support of glucose from the circulatory system [18]. Glucose 
depletion in neurons can result in a secondary ATP depletion, 
with hypoglycemic coma, or even cell necrosis, as possible re-
sults. Repeated hypoglycemic episodes, including an adverse 
effect of treatment with blood-sugar-lowering medication in 
diabetes, is associated with long-term cognitive deficits [19]. 
Hypoglycemia has been also linked to increased concentration 
of pro-inflammatory cytokines, with unclear mechanism of this 
linkage [20,21]. In patients suffering from type 2 diabetes melli-
tus (T2DM), induction of hypoglycemia has been related to sig-
nificantly elevated concentrations of both oxidative stress and 
inflammatory response markers – both in blood and in urine – 
after 24 h from the onset of hypoglycemia, whereas in healthy 
individuals, such a correlation has not been reported [22].

Summing up, long-term hyperglycemia can promote neuroin-
flammation, both through its pro-oxidative effects with sub-
sequent activation of NF-kB signaling by ROS, and through its 
AGE biosynthesis-promoting effects, with subsequent activa-
tion of RAGE and some PRR receptors (eg, TLR4) [6,7,23-25]. 
The effects of prolonged hyperglycemia within the CNS are 
graphically presented in Figure 1.

Neuroinflammation can increase the risk of neurodegenera-
tive diseases such as Alzheimer disease and Parkinson dis-
ease, stroke, and multiple sclerosis because it changes the 
phenotype of microglial cells from quiescent, homeostatic to 
pro-inflammatory, which results in increased activity of in-
flammasomes, such as the NLRP3 inflammasome. This in turn 
stimulates release of some pro-inflammatory cytokines, such 
as IL-1b, and impairs microglia-dependent Ab clearance from 
extracellular spaces [26-33].
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Resveratrol (RSV) is a naturally occurring polyphenolic com-
pound, endowed with some anti-oxidative, immunomodulat-
ing, anti-neuroinflammatory, and anti-tumor properties [34-38]. 
Because the pro-neuroinflammatory tendency depends on the 
nutritional or metabolic status of the body, it is worth studying 
whether this status, expressed by plasma glucose concentra-
tion, can modulate anti-neuroinflammatory properties of RSV.

Therefore, the aim of the study was to assess the effect of dif-
ferent glucose concentrations on the cytokine profile within 
an in vitro model of BBB, as well as to evaluate anti-neuroin-
flammatory effects of RSV in hypo-, normo-, and hyperglyce-
mia-mimicking conditions.

Material and Methods

Ethics Statement and General Data

According to the latest version of the Declaration of Helsinki, 
since the research involves the commercially available HCMEC/
D3 cell line, it does not have any clinical implications and does 
not involve human subjects directly, it may not be necessary 
to obtain additional consent. Nonetheless, this study has 
been reported to and accepted by the Bioethics Committee 
of the Medical University of Warsaw on 14 December 2020 
(no. AKBE220/2020) as not requiring specific approval from 
the Committee, given the exclusive use of commercially avail-
able human cell lines.

The experiment was conducted from January to May 2021 in 
the Warsaw Medical University Center of Preclinical Research 
and Technology (CePT) in an in vitro model of the BBB, con-
sisting of human astrocytic cells and endothelial cell lines with 
a separating membrane containing 0.4-µm-wide pores. This 
was an experimental and interventional study aimed at eval-
uation of the effect of glucose concentration in the MC (which 

simulates intravascular fluid in the study conditions) on the 
pro-inflammatory cytokine profile, as well as on the anti-in-
flammatory action of RSV in the BC (which simulates cerebro-
spinal fluid in the study conditions).

In Vitro Model of BBB

In this study, a 2-component in vitro model of the BBB, con-
sisting of endothelial cells and astrocytes, was used. The 
HCMEC/D3 human endothelial cell line, containing cells ob-
tained from cerebrovascular endothelium, was purchased from 
Cedarlane Cellutions Biosystems (Burlington, ON, Canada; cat-
alog # CLU512), prepared from cerebral capillary endothe-
lial cells by transduction with lentiviral vectors carrying the 
SV40 T antigen and human telomerase reverse transcriptase. 
This cell line is commercially available (Sigma-Aldrich; cat. no. 
SCC066), standardized, and, according to the producer, it can 
be used in cellular and molecular studies of the central ner-
vous system or as a single-cell model of the human BBB [39]. 
To provide proliferation of endothelial cells with 100% con-
fluence, dedicated EBM-2 medium was used, containing 10% 
fetal bovine serum, 1x chemically defined lipid concentrate, 
5.7 mM ascorbic acid, 0.0125 mM bFGF- human basic fibro-
blast growth factor, 1M HEPES, 2.8 mM hydrocortisone, pen-
icillin, and streptomycin (Merck KGaA, Darmstadt, Germany; 
cat. #C-22211). Human astrocytes were derived from hu-
man brain tissue (Thermo Fisher Scientific-GibcoTM; Waltham, 
MA, USA; cat. # N7805100). According to the producer, this 
cell line can be used for studying human neurological path-
ways and diseases. To provide proliferation of astrocytes with 
100% confluence, basal DMEM medium for astrocyte culture 
was used, containing: 10% One Shot Fetal Bovine Serum, 1x 
N-2 Supplement (all purchased from Thermo Fisher Scientific-
Gibco™, cat. # A1261301), and penicillin and streptomycin 
(Merck KGaA, Darmstadt, Germany; cat. #C-22211). Astrocyte 
culture was performed according to the protocol of the suppli-
er of the astrocyte line and the manufacturer of the medium 
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Figure 1. �Effects of hyperglycemia within 
central nervous system. Created 
using Microsoft® PowerPoint® 2013 
(154.0.5363.1000) MSO, Microsoft 
Corporation.
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(https://assets.fishersci.com/TFS-Assets/LSG/manuals/Gibco_
HumanAstrocytes_and_medium_man.pdf).

Both cell cultures were held in 5 special culture bottles ob-
tained from TPP Techno Plastic Products AG (Trasadingen, 
Switzerland), the mean culture surface was 75 square centi-
meters for endothelial cells and 25 square centimeters for as-
trocytes. The culture growth duration to obtain 100% conflu-
ence was 3 and 4 days. For measurements of the confluences 
of the cultured adherent cell lines, both the HCMEC/D3 and 
the human astrocytes, non-invasive, non-destructive, and la-
bel-free method were applied [40]. In this method, which elim-
inates sample manipulation, images of the cultured cells are 
captured by photography under a routine inverted phase-con-
trast microscope with LED (Leica DMIL LED; Leica Microsystems 
CMS, Germany) using a digital camera (Nikon D3100; Nikon 
Imaging Japan, Inc., Japan) with a dedicated camera lens adap-
tor (Proscope, Bodelin Technologies, Inc., Oregon, USA). Next, 
the images were analyzed for confluence using ImageJ 2.1.4.7 
i1 freeware, and the measure of confluence was expressed as 
an area fraction (AF).

After 100% confluence was reached within both types of cells, 
the number of living cells was counted. It was mixed with trypan 
blue dye, and 10 mL of the mixture was placed in the cham-
ber’s slide, then put into a Countess Automated Cell Counter 
(Thermo Fisher Scientific-Invitrogen).

The cell counter indicated that the number of living endothe-
lial cells was 2 million per 1 ml of medium and the number 
of living astrocytes was 1 million per 1 mL of medium. The 
cells were placed into separate wells of nine 24-well plates 
(ThermoFisher Scientific-Gibco; cat. # A15690601); there-
fore, each well contained 6×104 endothelial cells and 3×104 
astrocytes placed on inserts with transparent polyester (PET) 

membrane with pore diameter 0.4 µm, pore density 2×106 cm2, 
and the culture surface 33.6 mm2 per single well (Greiner Bio-
One GmbH-ThinCert™, Frickenhausen, Germany, cat. # 662641). 
RSV, with its molecular mass of 228 Da and lipid soluble prop-
erties, should potentially be able to cross the BBB [41].

The wells were coated with a reduced growth factor basement 
membrane extract used for attachment and maintenance of hu-
man cells. After coating each of the 216 wells with Gibco Geltrex 
Matrix, 3×104 astrocyte suspension was put in each well with 
an Eppendorf pipette, so that after 24 h the astrocytes were 
fixed to the bottom and the medium portion was exchanged 
from DMEM to DMEM without glucose. Subsequently, the in-
serts were coated with type I collagen derived from rat tails 
(Merck C7661; cat. # C7661) and put into the wells. As soon 
as the collagen gained a gel-like consistence, 6×104 endothe-
lial cells were placed into the inserts. After another 24 h, the 
medium was exchanged to a new medium containing a defi-
nite concentration of glucose. Finally, the BBB model consisted 
of endothelial cells corresponding to MC and astrocytes corre-
sponding to BC of the BBB. The co-culture of cells was main-
tained in a humidified incubator (37°C, 5% CO2). The scheme 
of the BBB in vitro model is presented in Figure 2. In addition, 
the diagram in Figure 3 shows when each respective cell type 
was plated, when medium was changed for glucose incuba-
tion using the 3 concentrations, and then the washout peri-
ods with respect to cytokine collection.

To evaluate the effect of different glucose concentrations in 
MC on cytokine profile in BC and to further evaluate the an-
ti-inflammatory action of RSV on the same model in hypo-, 
normo-, and hyperglycemic environments, 3 solutions with 
different glucose concentrations were set up in MC, which cor-
responded to the study groups I-III (Table 1).

Cytokine Concentration Measurement

Numerous existing studies suggest that differences in glucose 
concentration can change cytokine profile through modifying 
the production of pro-inflammatory cytokines [42,43]. To veri-
fy those findings, the concentrations of 6 different cytokines – 
IL-10, IL-12, IL-17A, IFN-g, TNF-a, and GM-CSF – were assessed 
24 h after the washout of glucose-containing medium in the 
BC (stage 1 of the study) using a Multi-Analyte ELISArray Kit 
(Qiagen-Q4Lab, Hilden, Germany; cat. #336161).

Cytokine absorbance, measured in absorbance units (Au), which 
relate to its concentration and transmittance [44], were mea-
sured with a Multi-Analyte ELISArray Kit, strictly following the 
instructions of the manufacturer (https://www.qiagen.com/
se/resources/resourcedetail?id=1da64594-2ac6-4bbd-983e-
828cc74d6927&lang=en). The multi-well ELISA microplates 
were already coated with a panel of target-specific antibodies 

Insert

Well Medium

Endothelial cells

Astrocytes

Semi-permeable
�lter

Figure 2. �The cross-section scheme of in vitro model of blood–
brain barrier containing co-culture of endothelial cells 
and astrocytes. The basement membrane with pore 
diameter 0.4 µm. Created using Microsoft® PowerPoint® 
2013 (154.0.5363.1000) MSO, Microsoft Corporation.
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to capture different cytokines. Each ELISArray microplate in-
cluded biological samples plus positive and negative controls 
(each given cytokine standard of known concentration and 
blank dilution buffer, respectively), to ensure that the exper-
iment was performed properly. To set up a negative control, 
sample dilution buffer was added to each well in the first row, 
without an experimental sample. In the positive control, the 
final antigen standard cocktail was placed in each well in the 
last row. The samples representing study groups were added 
to the remaining rows in the ELISArray plate.

Concentrations of pro-inflammatory cytokines were recorded by 
means of Au, while the absorbance was measured at 450 nm 
of wavelength, and the readings at 570 nm were subsequently 

subtracted from the readings at 450 nm to eliminate the back-
ground dilution buffer effect. A monochromator based, PC-
controlled microplate reader Biochrom Asys UVM 340 (Biochrom-
Harvard Bioscience, Holliston, MA, USA) with a wavelength 
range 340-800 nm and the measurement range of 0-3.2 opti-
cal density (OD) was used. The reproducibility of this appara-
tus is defined by the manufacturer as 0.8% and 0.005 OD from 
0.10 to 2.0 OD at 450 nm, whereas the accuracy was provided 
as 0.5% and 0.005 OD from 0.1 to 1.0 OD at 450 nm; and 1.0% 
and 0.010 OD from 1.0 to 2.0 OD at 450 nm. The measurements 
were performed 6 times, after which the average values were 
calculated in Au that corresponded to the given cytokine’s con-
centration expressed in pg/ml ±standard error of measurement 
(SEM) as read from the standard curves (stage 1 of the study).

The Induction of Neuroinflammation

Lipopolysaccharide (LPS) solution was added into each well of 
the culture plate of BC to reach 0.2 μM and to induce the in-
flammatory response in BC. Concentrations of pro-inflamma-
tory cytokines (IL-10, IL-12, IL-17A, TNF-a, IFN-g, and GM-CSF) 
were counted by ELISA in all 3 study groups with different glu-
cose concentrations after 12 and 36 h in BC. Therefore, 6 se-
ries of the measurements were carried out, with 6 measure-
ments in each series (stage 2 of the study).

3 days

Cunting cells

ELISA
measurement

ELISA
measurement

ELISA
measurement

Cunting cells

I. 2.2. mM

II. 5.0. mM

III. 25.0. mM
Co-culture (EC + AC) in BBB model

MC
24 h12 h

12 h and 24 h

BC

+ Glucose

+ LPS
+ RSV

EC

AC

4 days

Figure 3. �The diagram illustrating the process of establishing an in vitro blood–brain model and the stages of the study. 
EC – endothelial cells; AC – astrocytes; MC – microvascular compartment of BBB; BC – brain compartment of BBB; 
LPS – lipopolysaccharide’ RSV – resveratrol. Created using Microsoft® PowerPoint® 2013 (154.0.5363.1000) MSO, Microsoft 
Corporation.

I. HYPOGLYCEMIA (N=72) – 40 mg/dL D-glucose (2.2 mM)

II. EUGLYCEMIA (N=72) – 90 mg/dL D-glucose (5.0 mM)

III. HYPERGLYCEMIA (N=72) – 450 mg/dL D-glucose (25 mM)

Table 1. �The 3 glucose concentrations used within microvascular 
compartment corresponding to decreased, normal, or 
increased blood glucose levels in vivo (hypo-, normo-, 
and hyperglycemia, respectively).
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The Influence of LPS on Astrocyte Morphology

We assessed the effect of LPS treatment on the morphology 
of astrocytic cells cultured in different glycemic conditions. 
Following the 36-h culture period after setting up the mod-
el of BBB for 3 study groups with or without LPS administra-
tion, the cells were fixed in 3% paraformaldehyde (PFA) in 
PBS for 30 min at room temperature, then they were paraf-
fin embedded and stained with hematoxylin and eosin (H&E). 
Microscope images were acquired using an inverted cell cul-
ture Zeiss Primovert microscope equipped with light sources: 
HAL 35 W, 3W LED (Infinity Optics), and a Zeiss Axiocam 105 
Colour camera. Images were analyzed using ZEN 2.3 software. 
The paraffin sections were examined under a light microscope 
(Leica DM 400B) by 2 independent experienced neuropatholo-
gists (50 images in each group), and photographs of the H&E-
stained astrocytes were taken using a high-resolution camera 
attached to the microscope.

RSV’s Penetration Through the BBB and Its Anti-
Inflammatory Properties in BC

The next stage of the study was to estimate whether RSV ap-
plied to MC effectively penetrated the BBB (stage 3 of the 
study) and exhibited its anti-inflammatory properties through 
lowering the concentration of pro-inflammatory cytokines in 
BC (stage 4 of the study). RSV solution (final concentration 50 
μM) was applied to the MC and measured in BC after 12 and 
24 h in 3 study groups with different glucose concentrations. 
The RSV level in BC was estimated based on the value of stan-
dard concentration of RSV indicated in the instruction for the 
ELISA test and on the Au values. After the calibration curve 
was constructed, the exact concentration of RSV in samples 
was calculated from the equation of the graph.

Each set of measurements was conducted 6 times in each study 
group, with the average values presented in the next section.

Control Groups

To validate the research model (BBB) and to enable the correct 
interpretation of the results, the appropriate control groups 
were designed at the respective stages of the study (Table 2).

At the first stage of the study, the control group with a basal 
medium without any glucose concentration was set up. While 
performing the next stage of the study (LPS addition), the con-
trol group was established and consisted of a basal medium 
with 0.2 μM LPS but without any glucose solution.

At the last stage of the study, the control group with the basal 
medium containing 0.2 μM LPS as well as 50 μM RSV but no 
glucose medium was added. Each set of measurements was 
conducted 6 times in each control group.

During the development of this BBB in vitro model, the effect 
of culture media exchange on the integrity of the co-culture 
of endothelial cells and astrocytes was also evaluated. At that 
time, no disturbances in the integrity of the barrier with re-
gard to the transfer rate of glucose were found. Due to the 
much smaller fluid volumes, there is no reason to believe that 
administration of RSV from the MC side and LPS from the BC 
side could affect the integrity of the BBB in a purely mechan-
ical way. In turn, the assessment of changes in the functional 
integrity of the BBB resulted from the implementation of the 
purpose of this study.

Statistical Analysis

The statistical processing of the obtained data was performed 
using R programming language and its built-in functionalities 
(The R project for Statistical Computing; version 4.0.5) via the 
Mann-Whitney U test. All determinations were replicated 3 
times and expressed as mean values with standard deviations.

A detailed description of the applied methods and the under-
lying principles is included in the subsequent Results sections. 
The results were considered statistically significant when P val-
ues were less then adjusted 0.05 (P<0.05).

Results

Cytokine Profile After 24 h Following Glucose 
Administration

Differences in glucose concentration in MC affected the pro-in-
flammatory cytokine profile in BC after 24 h following glucose 

Control groups Basal medium Glucose medium LPS solution RSV solution

1st stage of the study + – – –

2nd stage of the study + – + –

3rd stage of the study + – + +

Table 2. The set of controls established for experiments using the blood–brain barrier in vitro model.
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addition. The mean concentrations of cytokines in reference 
to the corresponding glucose concentrations are presented 
in Figure 4.

To test whether there were statistically significant differenc-
es between the control and experimental groups (groups with 
basal medium vs groups with glucose medium), the Mann-
Whitney U test was performed, which was also used to exam-
ine whether there was a difference in cytokine concentrations 
among the 3 experimental groups. The null hypothesis indicat-
ed that the mean of each of the cytokine levels was the same 
regardless of glycemia, with an alternative hypothesis that 
normoglycemia would have a lower mean level of cytokines.

The statistically significant results were marked with * in 
Figure 4 when P values were less then adjusted 0.05 (P<0.05).

In 5 out of 6 cytokines (IL-10, IL-12, IL17A, INF-g, and GM-CSF), 
the concentration was the lowest in the group containing nor-
mal glucose concentration (90 mg/dL), but not all of the re-
sults were statistically significant (statistically significant re-
sults are marked with * in Figure 4). The corresponding results 
in the group with abnormally low (40 mg/dL) and abnormal-
ly high (450 mg/dL) glucose concentrations differed in refer-
ence to individual cytokines. TNF-a concentrations were al-
most identical in groups imitating hypo- and normoglycemia, 

and the differences in concentrations were not statistically sig-
nificant (P>0.6), while it was significantly higher (P<0.05) in 
hyperglycemia-imitating conditions (1.77±0.18 vs 2.063±0.2 
[pg/ml ±SEM 10%]).

The level of IL-12 was highest in the samples obtained in 
the group imitating hypoglycemia and equaled on average 
0.683±0.07 (pg/mL ±SEM 10%), whereas the lowest values 
were found in the samples from the normoglycemia-imitat-
ing environment (0.36±0.03 [pg/mL ±SEM 10%]), with P values 
<0.05. The mean level of IL-17A was the lowest in normoglyce-
mic group, at 0.383±0.04 (pg/mL ±SEM 10%), slightly higher 
in the hyperglycemic group (0.435±0.04 [pg/mL ±SEM 10%]) 
and was significantly (P<0.05) higher in hypoglycemia-simu-
lating conditions (0.6±0.06 [pg/mL ±SEM 10%]).

In the case of IL-10, the lowest level was obtained in the sam-
ples from the normoglycemic group (0.415±0.04 [pg/mL ±SEM 
10%]), while in the other 2 groups its concentration was com-
parable and equaled on average 0.53 ±0.05 (pg/mL ±SEM 10%).

For INF-g, the lowest values were found in the normoglycemic 
group (0.498 ±0.04 [pg/mL ±SEM 10%]), while higher in hypo-
glycemic (0.528±0.053 [pg/mL ±SEM 10%]) and hyperglycemic 
conditions (0.61±0.06 [pg/ml ±SEM 10%]), but the differences 
were significant only for the third group (P<0.05).

GM-CSF

TNF-α

IFN-γ

Hypoglycemia
Normoglycemia
Hyperglycemia

0.000 1.000
pg/ml±SEM=10%

*
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*
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*
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Figure 4. �Mean values of cytokine concentrations (pg/ml) in brain compartment 24 h after different glucose concentrations applied 
in microvascular compartment. SEM – standard error of measurement (±10%). Created using Microsoft® PowerPoint® 2013 
(154.0.5363.1000) MSO, Microsoft Corporation.
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The mean level of GM-CSF was lowest in the normoglycemic 
group, and the value of 0.545±0.05 was significantly different 
(P<0.05) from the mean values obtained in the 2 other groups.

LPS Administration

At 12 h after administration of 650 μl of 1 μg/mL LPS solution 
to BC, the changes in concentrations for individual cytokines 
in BC were as shown in Figure 5.

At this stage of the experiment, the levels of 6 cytokines in 
BC as a reaction to adding LPS were compared. This test was 
performed separately for 12-h and 36-h periods and for each 
glucose level (normo-, hypo-, and hyper-glycemia).

The Mann-Whitney U test was performed based on the num-
ber of cytokines measured before LPS application. The null 
hypothesis was that the amount of each of the specific cyto-
kines after 12 h and 36 h would be the same as before the ap-
plication. The alternative hypothesis was that the amount of 
each of the specific cytokines would increase over time when 
LPS was applied.

The Mann-Whitney U test was used to assess whether there 
was a difference in cytokine concentrations between the 3 ex-
perimental groups following LPS administration. The obtained 

results presented in Figure 5 showed there were no statistical-
ly significant differences in any experimental group (P>0.05), 
and the cytokine concentrations did not increase significantly 
at 12 h after LPS solution administration (P>0.05).

After 12 h after LPS solution addition, concentrations of IL-10, 
IL-12, IL17A, and INF-g were similar to their concentrations be-
fore. Moreover, the cytokine levels did not differ in regard to 
glucose concentration in MC, ie, they were almost the same, 
regardless of the coexisting glucose concentration.

In all of the experimental groups, LPS addition led to a slight 
increase in TNF-a concentration but did not reach statistical 
significance (P>0.05). The level of GM-CSF rose modestly in 
hyperglycemia-simulating conditions, remained unchanged 
in hypoglycemia-simulating conditions, and fell slightly in nor-
moglycemia-simulating conditions, but the results were not 
statistically significant (P>0.05).

The cytokine concentrations increased significantly in BC 24 h 
after LPS administration in BC, as presented in Figure 6, marked 
with * (P<0.05). Therefore, LPS must have induced an inflamma-
tory response within the BC, despite the fact that there was no 
significant difference 12 h after LPS administration. The 12-h 
interval after LPS addition appears to be too short to observe 
increased concentrations of pro-inflammatory cytokines (IL-12, 
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TNF-α

IFN-γ

0.000 1.000 1.200
pg/ml±SEM=10%

p>0.05
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Figure 5. �Mean values of cytokine concentrations (pg/ml) in brain compartment 12 h after LPS was been added to brain compartment 
in the 3 studied groups. In comparison, concentrations of the same cytokines in LPS-free conditions. SEM – standard error of 
measurement (±10%). Created using Microsoft® PowerPoint® 2013 (154.0.5363.1000) MSO, Microsoft Corporation.
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IL17A, INF-g, TNF-a, and GM-CSF) and decreased concentra-
tion of anti-inflammatory cytokines (IL-10).

A statistically significant cytokine level increase was found at 
36 h after adding LPS to BC, marked with * (Figure 6). The big-
gest increase in cytokine concentration was for IL17A in group 
II (by 1.054 pg/ml; P<0.05), INF-g in group III (by 0.791 pg/ml; 
P<0.05) and GM-CSF in group I and II (by 0.98 pg/ml and 0.96 
pg/ml, respectively; P<0.02).

The statistical methods used in this part of the experiment 
were as described above. Statistical significance was judged at 
the 0.05 significance level (marked with *) or at the 0.02 sig-
nificance level (marked with **) in Figure 6. The P value <0.02 
indicates strong evidence against the null hypothesis, as there 
is less than a 2% probability the null hypothesis was correct 
and the results were random.

LPS Administration and Astrocyte Morphology

Astrocytes from BC after glucose and after LPS administration 
are presented in Figure 7. The 36-h culture period after set-
ting up the model of BBB for the 3 study groups and following 
LPS administration did not result in changes in the morphol-
ogy or viability of the astrocytes based on the day exclusion 
test with trypan blue. Analyzing randomly selected photos on 

a blind basis, experienced neuropathologists were unable to 
detect differences in cell morphology. Considering the above, 
and after additional consultation with experts in the field of 
histopathology, further comparative morphometric analyses 
were abandoned.

Anti-Inflammatory Effect of RSV in the BC

The concentrations of individual cytokines for each coexisting 
glucose concentration after the addition of RSV solution with 
a concentration of 50 μM to the MC are presented in Figure 8.

This part of the experiment compared the levels of 6 cytokines 
24 h after applying RSV to the MC to groups without RSV and 
was performed separately for each glucose level.

The Mann-Whitney U test was performed and the null hypoth-
esis was that the amount of each of the specific cytokines 24 
h after applying RSV would be the same as in groups with no 
RSV solution. The alternative hypothesis was that the amount 
of each of the specific cytokines would be reduced in samples 
with RSV applied.

Additionally, at this stage of the study, the percentage drop 
of concentration levels of 6 cytokines at 24 h after RSV ad-
dition in conditions of various glucose levels was compared. 
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Figure 6. ��Mean values of cytokine concentrations (pg/ml) in brain compartment 36 h after administration of LPS compared to 12 h 
after LPS administration in the 3 studied groups. SEM – standard error of measurement (±10%). Created using Microsoft® 
PowerPoint® 2013 (154.0.5363.1000) MSO, Microsoft Corporation.
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The percentage drop (effect of RSV) was based on compari-
son with the group without RSV solution.

The Mann-Whitney U test was performed, with the null hy-
pothesis being that the amount of each of the specific cyto-
kines 24 h after applying RSV would be the same regardless 
of glucose level. The normal glucose level is the one that was 
tested with the alternative hypothesis that it would generate 
a lower cytokine drop.

The RSV administration into MC reduced the concentration 
of all cytokines within the BC after 24 h regardless of glucose 
level, as compared to the groups without RSV, but not all the 
results were statistically significant (statistically significant re-
sults are marked with * in Figure 8).

In the normoglycemic (II) group, RSV significantly (P<0.05) de-
creased the IL-10 concentration by 0.375 pg/ml (24.2%), while in 
the hypoglycemic (I) group it decreased by 0.12 pg/ml (12.9%), 
and in hyperglycemic (III) group it fell by only 0.08 pg/ml (9%). 
A similar action of RSV was observed for IL-12 by decreasing 
its concentration by approximately 30.5% in the normoglyce-
mic group, in comparison to the hypoglycemic and hypergly-
cemic groups (by 16% and 21%, respectively).

For IL-17A, the RSV level decreased most at normal glucose 
concentration, by 35.5%. The anti-inflammatory properties of 
this polyphenol were also demonstrated in groups I and III, al-
though to a lesser extent, by 14.7% and 17.1%.

The level of IFN-g was decreased by RSV most effectively in 
group II (by 20%), while in group I it fell by only 5.7% and in 
group III by 16%. These results were obtained within TNF-a 
and GM-CSF, and the greatest decline in their concentration 
was in group II.

The cytokines marked with * showed higher levels in the 
samples without RSV in comparison to those containing RSV 
(P<0.05), which suggests that RSV inhibited their production.

However, in II group the decrease of cytokine concentrations 
was the largest, which indicates that this polyphenol acts the 
most efficiently in normoglycemic conditions.

RSV Penetration Through the BBB

The concentration of RSV that reached BC after its adminis-
tration to MC is presented in Figure 9. The results were read 
at 12 and 24 h after RSV addition.

In this part of the experiment, the RSV levels behind the BBB 
12 h and 24 h after its application depending on the glucose 
level were compared. The Mann-Whitney U test for pairs was 
performed to check the null hypothesis that there was no dif-
ference in median of population with normoglycemia and hy-
poglycemia, as well as normoglycemia and hyperglycemia, with 
the alternative hypothesis that RSV penetration would be low-
er in hypoglycemia and hyperglycemia.

A B

Figure 7. �Astrocytes from brain compartment after glucose administration. (A) Staining with hematoxylin and eosin. (B) Astrocytes 
from brain compartment after glucose and LPS administration. Staining with hematoxylin and eosin. No visible changes in 
the morphology of the astrocytes were observed. Magnification 100×. The picture was captured using LAS-X, the standard 
microscope imaging software from Leica Microsystems, Wetzlar, Germany.
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The quantity of RSV administrated in MC per 200 mL of medi-
um was 2282.5 ng. Following the instructions given with the 
ELISA kits and using the formula for molar concentration of a 
substance, the concentration of RSV which reached BC was 
calculated and is presented in Figure 9. Only 0.53% of the to-
tal amount of RSV crossed in the in vitro model of BBB in hy-
poglycemia-simulating conditions, 0.61% for normoglycemia, 
and 0.55% for hyperglycemia-simulating conditions. The find-
ings suggest that the permeability of BBB for RSV is low, and 
this polyphenol can cross this semi-permeable membrane in a 
smaller range compared to its initial concentration.

The largest amount of RSV in BC at 12 h following its adminis-
tration in MC was achieved with normal glucose concentration 
(69.653 ng/mL), which is 16.1% and 9.9% more than in the hy-
poglycemia and hyperglycemia groups, respectively (P<0.02).

After 24 h after RSV administration to MC, its concentration 
in BC in group II remained at the highest level [62.391±6.24 
(ng/mL ±SEM)], significantly higher than in the other groups 
[group I – 42.885±4.3 (ng/mL ±SEM); group III – 48.5±4.9 
(ng/mL ±SEM)], with P values <0.02. In a hypoglycemic envi-
ronment, RSV concentration measured after 24 h decreased 
more rapidly than at 12 h after RSV administration, by more 
than 17 ng/mL. With P values below 0.02, the hypothesis that 

abnormal (both hypoglycemia and hyperglycemia) glucose lev-
els in BC reduces the ability of RSV to penetrate the BBB was 
confirmed and the results were statistically significant. After 2 
measurements, it was proven that abnormal glucose levels in 
MC (both hypoglycemic and hyperglycemia) reduces the abil-
ity of RSV to penetrate the BBB (P<0.02).

The main findings from the study, presenting statistically sig-
nificant changes in cytokine concentrations for different glu-
cose concentrations, are shown collectively in the Table 3.

Correlations Between Glucose Concentrations and 
Cytokine Profile

At the first stage of the study, in comparison to normoglyce-
mia-simulating conditions, hypoglycemia-simulating condi-
tions resulted in higher concentrations of all cytokines except 
TNF-a. The largest increases were for IL-12 (+89.7%), IL-17A 
(+56.7%), and IL-10 (+25.3%); and the increases were smaller 
for GM-CSF (+18.9%) and IFN-g (+6%).

When hyperglycemia-simulating conditions were compared to 
normoglycemia-simulating conditions, levels of all the stud-
ied cytokines were higher. The largest increases were for IL-10 
(+31.3%), GM-CSF (+28.4%), and IL-12 (+23.1%), while there 
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Figure 8. �Mean values of cytokine concentrations in brain compartment (pg/ml) 36 h after administration of LPS and 24 h after 
addition of RSV to the microvascular compartment. For comparison, concentrations of the same cytokines in the samples 
to which LPS was added and RSV was not added (control samples are marked with the letter C). SEM – standard error of 
measurement (±10%). Created using Microsoft® PowerPoint® 2013 (154.0.5363.1000) MSO, Microsoft Corporation.
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were smaller increases for IFN-g (+22.4%), IL-17A (+13.7%), 
and TNF-a (+15.7%).

The concentrations of all the studied cytokines, except TNF-a, 
increased both in groups with abnormally low and high glu-
cose concentration in MC. The concentration of TNF-a was 
only slightly decreased in hypoglycemia-simulating conditions.

When assessing cytokine concentration at 36 h after LPS ad-
ministration, IL-17A (+41.7%), IL-12 (+46.1%), IFN-g (+21.4%), 
GM-CSF (+10.1%), and TNF-a (+11.5%) showed higher levels 
in hypoglycemia-simulating conditions than in normoglycemia-
simulating conditions, while the level of IL-10 (-66.2%) changed 
in the opposite direction. IL-10, unlike the other studied cyto-
kines, has anti-inflammatory properties [45,46].

When assessing cytokine concentration 36 h after LPS admin-
istration, the concentrations of IL-12 (+37.1%), IFN-g (+7.6%), 
and TNF-a (+12.3%) were higher in hyperglycemia-simulat-
ing conditions than in normoglycemia-simulating conditions, 
while of IL-10 (-66.3%), GM-CSF (-4.5%), and IL-17A (-18.1%) 
changed in the opposite direction.

When assessing cytokine concentration 24 h after RSV admin-
istration, IL-10 (+31.1%) showed higher level in normoglyce-
mia-simulating conditions than in hypoglycemia-simulating 

conditions, while the levels of other studied cytokines (IFN-g 
[-48.7%], IL-12 [-40.2%], IL-17A [-46.6%], TNF-a [-17.5%], and 
GM-CSF [-20.2%]) decreased.

All studied cytokines, except IL-10 (+28.5%) and IL-17A (+2.2%), 
showed lower concentration in normoglycemia-simulating con-
ditions than in hyperglycemia-simulating conditions. The largest 
decrease was for IL-12 (-40%), and there were smaller decreas-
es for IFN-g (-19.4%), TNF-a (-18.7%), and GM-CSF (-14.9%).

Discussion

In this research, a special in vitro model was prepared to imi-
tate the topography and properties of both compartments of 
the BBB – the vascular side of the BBB lined with endotheli-
al cells, and the cerebrospinal fluid side of the BBB lined with 
astrocytes. Commercially available in vitro models of BBB may 
consist of endothelial cells only, or of endothelial cells and as-
trocytes; some models contain not only endothelial cells and 
astrocytes, but also pericytes. Different categorizations of BBB 
models depend on the species of origin of the cells used; there-
fore, human, mouse, porcine, rat, and bovine models are dis-
tinguished. The overview of several BBB in vitro models de-
veloped by researchers has been presented in the most recent 
reviews [47-50].
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Figure 9. �Mean RSV concentrations (ng/ml) in the brain compartment 12 and 24 h after RSV addition to the microvascular 
compartment of hypo-, normo-, and hyperglycemia-simulating samples. SEM – standard error of measurement (±10%). 
Created using Microsoft® PowerPoint® 2013 (154.0.5363.1000) MSO, Microsoft Corporation.

e941044-12
Indexed in:  [Current Contents/Clinical Medicine]  [SCI Expanded]  [ISI Alerting System]   
[ISI Journals Master List]  [Index Medicus/MEDLINE]  [EMBASE/Excerpta Medica]   
[Chemical Abstracts/CAS]

Komorowska J. et al: 
Glucose, resveratrol, and cytokines within the blood–brain barrier

© Med Sci Monit, 2023; 29: e941044
LAB/IN VITRO RESEARCH

This work is licensed under Creative Common Attribution-
NonCommercial-NoDerivatives 4.0 International (CC BY-NC-ND 4.0)



In our study, an in vitro BBB model was created from human 
endothelial cells and astrocytes separated with a membrane 
containing 0.4-µm-wide pores, which made direct contact be-
tween different types of cells impossible. The upper limit of 
pore size in the BBB that enables passive flow of molecules 
across is <1 nm [51]. Such a diameter of pores allows diffusion 
of small anti-inflammatory compounds (eg, RSV) from micro-
vascular to brain compartments [52].

In this research, the circulating blood in the microvascular system 
was substituted by EBM-2 medium, which did not contain cellu-
lar and non-cellular blood components (eg, leukocytes, platelets, 

and insulin), which is preferable to present a clear correlation 
between glucose concentration and cytokine production; there-
fore, the advantage of the in vitro model used in this study is the 
ability to isolate the effects of glucose concentration on cytokine 
production. A model consisting of 2 types of cells with no inter-
fering factors (eg, blood and its elements or cerebrospinal flu-
id) allows clear results and enables investigation of specific cel-
lular and molecular mechanisms within the BBB. By measuring 
the passage of glucose and cytokines across the BBB model, it 
is possible to gain insights into how glucose and cytokines inter-
act with the barrier and affect its permeability. This can explain 
how cytokines modulate BBB responses during inflammation.

Figure number and title Hypoglycemia Normoglycemia Hyperglycemia Main findings

4. Mean values of 
cytokine concentrations 
(pg/ml) in BC, 24 h 
after different glucose 
concentrations applied 
in MC

Higher concentrations 
of GM-CSF, IL-17A 
and IL-12 (p<0.05) 
comparing to 
normoglycemia

NS Higher concentrations 
of GM-CSF, TNF-a, 
INF-g and IL-12 
(p<0.05) comparing to 
normoglycemia

Hypoglycemia and 
hyperglycemia 
can lead to neuro-
inflammation

5. Mean values of 
cytokine concentrations 
(pg/ml) in BC in 12 h 
after LPS has been added 
to BC. In comparison – 
concentrations of the 
same cytokines in LPS-
free conditions

The cytokine 
concentrations 
did not increase 
significantly (p>0.05)

The cytokine 
concentrations 
did not increase 
significantly (p>0.05)

The cytokine 
concentrations 
did not increase 
significantly (p>0.05)

The inflammatory 
effect of LPS could 
not be observed 
as early as 12 
hours after its 
administration

6. Mean values of 
cytokine concentrations 
(pg/ml) in BC 36 h after 
administration of LPS 
compared to 12 h after 
LPS administration

The concentrations 
of pro-inflammatory 
cytokines increased 
[IL-12, INF-g, TNF-a 
(p<0.05)], [GM-CSF, 
IL-17A (p<0.02)] and 
the concentration of 
anti-inflammatory 
cytokine decreased 
(IL-10) (p<0.02)

The concentrations 
of pro-inflammatory 
cytokines increased 
[IL-12, INF-g, TNF-a 
(p<0.05)], [GM-CSF, 
IL-17A (p<0.02)] and 
the concentration of 
anti-inflammatory 
cytokine decreased 
(IL-10) (p<0.05)

The concentrations 
of pro-inflammatory 
cytokines increased 
[IL-12, INF-g, TNF-a, 
GM-CSF (p<0.05)], 
[IL-17A (p<0.02)] and 
the concentration of 
anti-inflammatory 
cytokine decreased 
(IL-10) (p<0.05)

The inflammatory 
effect of LPS 
was observed 36 
hours after its 
administration

8. Mean values of 
cytokine concentrations 
in BC (pg/ml), 36 h after 
administration of LPS 
and 24 h after addition 
of RSV to MC

RSV reduced the level 
of GM-CSF and TNF-a 
(p<0.05)

RSV reduced the 
level of all studied 
cytokines (p<0.05), 
more than in other 
groups

RSV reduced the level 
of GM-CSF, INF-g, 
IL-17A and IL-12 
(p<0.05)

In the normoglycemia 
the anti-inflammatory 
effect of RSV was the 
greatest

9. Mean RSV 
concentrations (ng/ml) in 
the BC 12 and 24 h after 
RSV addition to the MC

Reduced ability of 
RSV to penetrate 
the BBB (p<0.02) 
comparing to 
normoglycemia

Concentration of 
RSV remained at 
the highest level, 
significantly higher 
than in the other 
groups (p<0.02)

Reduced ability of 
RSV to penetrate 
the BBB (p<0.02), 
comparing to 
normoglycemia

Hypoglycemia and 
hyperglycemia lead 
to decreased RSV 
penetration through 
the BBB, compared to 
normoglycemia

Table 3. The changes in cytokine concentrations for different glucose concentrations.

BBB – blood–brain barrier; BC – brain compartment; LPS – lipopolysaccharide; MC – microvascular compartment; NS – not significant; 
RSV – resveratrol.
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A simplified interpretation of the results may be beneficial, 
showing pure relationships observed between glucose, LPS, 
RSV, and cytokine production by co-cultured endothelial cells 
in the MC and astrocytes in the BC. However, it creates an im-
perfect model and limits the possibility of direct translation of 
these results into in vivo conditions or implementation in clini-
cal studies. The kind of model used in this study creates an in-
accurate environment compared to in vivo conditions, where 
BBB is a highly selective and complex barrier, made not only of 
endothelial cells and astrocytes, but consists also of pericytes, 
basement membrane, and tight junctions. The McAllister study 
showed that glucose transport within in vivo BBB was also de-
pendent on a serial chain of membrane-bound and intracellu-
lar transporters and enzymes, which were not present within 
in vitro models [53]. Although knowledge of the glucose trans-
port and the role of glucose transporters within the BBB dur-
ing systemic inflammation is still incomplete and needs fur-
ther investigations, Jurcovicova’s review article [54] provides 
a valuable description of glucose transport within the BBB.

Additionally, diabetes, as a complex metabolic abnormality, dif-
fers from hyperglycemic conditions generated experimentally. 
Pathologic changes in the microvascular system of diabetic pa-
tients, including abnormal angiogenesis and increased vascular 
density, may influence cytokine levels and RSV activity [55,56].

The results obtained in our study suggest that impaired glu-
cose concentration induces an inflammatory response in the 
BC, which is reflected in the changed pro-inflammatory cyto-
kine profiles. Among the cytokines analyzed in this study, the 
increase in IL-12 concentration was particularly pronounced 
in hypoglycemia and hyperglycemia, compared to normogly-
cemic environments. The increase in IL-12 concentration in hy-
perglycemic conditions has also been observed in a study by 
Huang-Pin Wu, in which the stimulated peripheral blood mono-
nuclear cells with hyperglycemic status secreted more IL-12 
than those with normoglycemic status [57]. A study by Mei-
Fang Li described how high glucose increases the expression 
of inflammatory cytokine genes (eg, for IL-12) in macrophages 
through H3K9 methyltransferase mechanism [58].

Other pro-inflammatory cytokines, such as IFN-g and GM-CSF, 
also reached higher concentration in the BC in conditions that 
simulated hyperglycemia compared to normoglycemia. Numerous 
studies have shown that high glucose concentrations increase 
the levels of those cytokines in systems other than BBB [59-61].

The existing studies indicates that both hypoglycemia and hy-
perglycemia can lead to modifications in pro-inflammatory cy-
tokine profiles, which indicates inflammation [62-65]. According 
to Esposito et al [66], the mechanism of pro-inflammatory cy-
tokine induction by hyperglycemia consists mainly in stimu-
lating ROS production, because in their study, the effect was 

abrogated by glutathione. However, Filho et al [67] attributed 
glucose concentration-dependent alterations in cytokine pro-
file observed in vivo to anti-inflammatory actions of insulin [68] 
and cortisol, with cortisol concentration decreasing and insu-
lin concentration increasing during the first stage of reaction 
to oral glucose ingestion. Changes in the cytokine profile oc-
cur in the second stage, when insulin concentration falls, while 
cortisol concentration is still low, and the deficiency of anti-
inflammatory actions of cortisol and insulin combined results 
in increased production of many pro-inflammatory cytokines. 
In the third stage of oral glucose tolerance testing, when cor-
tisol concentration begins returning to normal, increased pro-
duction of anti-inflammatory cytokines is observed.

In the studies mentioned above, both indirect and direct effects 
of changing glucose concentration towards cytokine profile 
have been observed. The indirect effect comprises endocrine 
reaction to glucose concentration, with adequately altered se-
cretion of insulin and cortisol. The direct effect refers to acti-
vation of pro-inflammatory cytokines production by hypergly-
cemia, through increased glucose influx to the cells, increased 
rates of oxidative glycolysis and TCA, combined with a high 
level of intracellular ATP, which can promote ROS production 
through lowering the NAD+/NADH ratio in mitochondria [69].

In our study, both decreased and increased glucose concentra-
tion in MC facilitated the onset and development of an inflam-
matory response in BC, measured by means of increased con-
centrations of IL-12, IL17A, INF-g, TNF-a, and GM-CSF.

This study was performed in vitro, so indirect, hormonal effects 
of altered glucose concentration towards cytokine profile can 
be excluded. Hyperglycemia-raised production of pro-inflam-
matory cytokines, if it occurs, can be attributed to pro-oxida-
tive actions of hyperglycemia. Explaining the changes in cy-
tokine profile in hypoglycemia-simulating conditions is more 
difficult; theoretically, extreme hypoglycemia can cause ATP 
depletion, cell necrosis, and innate immunity activation by the 
products of necrosis [70]. However, we did not induce cell ne-
crosis during our study, yet we observed altered cytokine pro-
files in moderate hypoglycemia-simulating conditions. It can 
be hypothesized that either astrocytes or endothelial cells can 
detect changes in glucose concentration within the extracellu-
lar environment, directly or indirectly. However, it is not known 
whether this detection works just like in beta cells of pancreat-
ic islets, or whether there are there any other mechanisms of 
signal transduction [71]. Thus, complete explanation of these 
mechanisms requires further research.

We decided to administer LPS in the BC because the LPS ad-
ministration was supposed to develop the expected inflam-
matory response. Therefore, the obtained results after LPS ad-
ministration can be assumed as more reliable.
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LPS as an immune system stimulator induces production of 
various pro-inflammatory cytokines, including TNF-a, GM-CSF, 
IFN-g, IL-17A, and IL-12 [72,73].

When LPS is recognized by immune cells, such as macrophages 
and dendritic cells, through Toll-like receptor 4 (TLR4), it trig-
gers a signaling cascade that leads to activation of transcrip-
tion factors, such as NF-kB. This activation results in the pro-
duction and release of various cytokines [74]. LPS also induces 
production of anti-inflammatory cytokines such as IL-10 as part 
of the immune response. IL-10 production is regulated by sev-
eral transcription factors, including NF-kB and IRF3, which are 
activated by LPS stimulation [75].

The final part of the study was to assess the influence of glu-
cose concentration on the ability of RSV to cross the BBB and 
on its potential anti-inflammatory effects within the CNS. In 
future it would be worth examining how other polyphenol 
substances, such as quercetin or rutin, would react to differ-
ent glucose concentrations, and to evaluate their bioavailabil-
ity, ability to cross the BBB, and to determine the appropri-
ate potential dosage.

Our results show that the permeability of RSV was the greatest 
in the group with normal glucose concentration. In addition, 
the decline of RSV after 24 h was lower in this group than in 
the hypoglycemia and hyperglycemia groups. Hence, this fla-
vonoid remained available for the longest time at high quan-
tity in the normoglycemic group.

The impact of glucose concentration on RSV penetration into 
the brain have not been extensively studied. However, glucose 
concentration in blood can influence various factors that indi-
rectly affect the transport and penetration of RSV across the 
BBB, and glucose concentration can affect the BBB integrity 
and tight junction function; thus, changes in glucose levels 
can impact permeability of the BBB, which in turn can influ-
ence the transport of RSV to the CNS [76,77]. Further research 
is necessary to understand the specific effects of glucose con-
centration on RSV penetration into the CNS, factors such as 
RSV dosage, formulation, timing of administration, and indi-
vidual variations may also be significant.

Research studies indicate that despite some proven anti-in-
flammatory properties of RSV within CNS, its penetration 
through the BBB is poor [78]. RSV absorption after its oral ad-
ministration can reach 75% and occurs mainly through tran-
sepithelial diffusion [79]. In addition, the metabolism of RSV 
in the intestine and liver results in oral bioavailability consid-
erably less than 1% [80].

Thus, several methods are sought for to improve RSV penetra-
tion to the CSF, so that it could really exert its anti-inflammatory 

actions within the CNS. One of the methods is intrathecal ad-
ministration of RSV. A study by Shu et al showed doubled RSV 
penetrability after its intrathecal administration in compari-
son to oral administration [81]. Another solution may be RSV 
molecule opsonization with some lipophilic compounds to in-
crease its intestinal absorption, or nanoencapsulation in vari-
ous structures, such as liposomes or micelles [82-84].

Yet another approach of improving RSV bioavailability for the 
CNS was presented by Chimento et al as modification of the 
RSV molecular structure, including methoxylation and hydrox-
ylation of its aromatic rings [85]. Some novel drug delivery 
systems have been tested to increase the beneficial effects 
of RSV. Techniques used to improve RSV bioavailability are il-
lustrated in Figure 10.

In the present study, RSV penetration through the BBB was 
taken into consideration, and further studies of cellular uptake 
by astrocytes could more accurately determine whether higher 
concentrations of RSV in the BC translate into improved use 
of RSV. Theoretically, based on the literature, there is no rea-
son to doubt it, as is the case with human hepatic cells [86].

In this study, only 0.61% of the original amount of RSV was 
able to cross the BBB and was detected in BC in group II, while 
0.53% and 0.55% crossed in the hypoglycemia and hypergly-
cemia groups. Despite that poor penetration, many studies 
suggest that even small amounts of RSV can exert beneficial 
effects towards the CNS due to its anti-inflammatory proper-
ties [87-89]. Furthermore, it has been shown that RSV in the 
CNS can slow progression of Alzheimer disease [78]. A detailed 
description of RSV mechanism of action in Alzheimer disease 
has been presented in a review [90].
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Our study has some limitations. The 6 selected cytokines were 
examined instead of a group of about 30 pro-inflammatory cy-
tokines identified to date. Thus, choosing some other pro-in-
flammatory cytokines could elicit complementary results [91].

In addition, we found that, at least in vitro, LPS stimulates the 
production of different pro- inflammatory cytokines with addi-
tional latency, which should be considered when planning fu-
ture in vivo studies. Naturally, endothelial cells in the co-cul-
ture also react to LPS. The assessment of the magnitude and 
speed of this inflammatory response may be a goal in future 
studies [92]. Our results suggest that further research is need-
ed on the astrocyte response to inflammation in conditions 
simulating hypo-, normo-, and hyperglycemia.

Considering that different concentrations of glucose and different 
courses of the inflammatory reaction affect the acid–base bal-
ance, the stability and bioavailability of RSV may depend on pH. 
Therefore, to validating our results, the experiments could be re-
peated, additionally determining the pH (pH micro-measurements 
in culture plates) in the microvascular and brain compartments.

Neuroinflammation is a common feature of many CNS disor-
ders, including neurodegenerative diseases (such as Parkinson 
and Alzheimer diseases), multiple sclerosis, and stroke, and 
chronic neuroinflammation can contribute to neuronal dam-
age and disease progression. Thus, it is crucial to reduce the 
harmful effects of chronic neuroinflammation by finding effec-
tive anti-inflammatory strategies. RSV, with its proven proper-
ties, can modulate various signaling pathways involved in in-
flammation. It can suppress the production of inflammatory 
cytokines (eg, TNF-a, IL12, and IL-17) [93,94], inhibit the ac-
tivation of pro-inflammatory transcription factors (eg, NF-kB) 
[95], and as an anti-oxidative agent RSV can help reduce ox-
idative damage and protect neurons from free radicals and 
ROS [96,97], which are often present in neuroinflammation.

By conducting in vitro experiments, as in our study, it is possi-
ble to gain insights into the impact of glucose concentration on 
RSV’s ability to penetrate and cross the BBB. The mechanisms 
of RSV uptake by astrocytes are still being studied and there 
may be many pathways involved. The primary mode of RSV 
uptake is passive diffusion; due to RSV’s lipophilic nature, it 
can passively diffuse across cell membranes, as in astrocytes, 
and studies have suggested the involvement of transporters 
in its cellular uptake by astrocytes. Organic anion-transporting 
polypeptides (OATPs) and ATP-binding cassette (ABC) transport-
ers have been implicated in the uptake of RSV in various cell 
types, including astrocytes [98-101]. These transporters may 
facilitate the entry of RSV into astrocytes, potentially increas-
ing its uptake efficiency. When RSV is taken up by astrocytes, 
it can be distributed within different cellular compartments. It 
has been found in the nucleus, cytoplasm, and mitochondria of 

astrocytes, which suggest its potential interactions with vari-
ous cellular components and signaling pathways [102,103]. In 
addition, RSV has been reported to enhance synaptic plastic-
ity, which plays a role in learning and memory processes, and 
it can expedite the formation of synaptic connections by mod-
ulation of neurotransmitter systems and neurotrophic factors 
[104,105]. Some studies suggest that RSV can also influence 
BBB integrity and function, which regulates the entry of sub-
stances into the brain. Thus, RSV may influence drug delivery 
to the CNS and thus modulate some CNS disorders [106,107].

It is essential to further explore RSV’s properties by conducting 
preclinical studies to clarify the mechanism of action, optimiz-
ing dosage regimens, and evaluating its efficacy and safety in 
relevant animal models. Then, clinical trials are needed to as-
sess this potential in patients with CNS diseases.

Conclusions

In our experiment, RSV decreased the concentrations of pro- 
and anti-inflammatory cytokines in all 3 study groups, regard-
less of the glucose concentrations, but exerted the strongest 
anti-inflammatory properties in a normoglycemic environment.

The strength of those properties depended not only on the glu-
cose concentration in the MC but also on the cytokine studied. The 
strong effects of RSV were obtained for IFN-g and TNF-a, which is 
compatible with the findings of Torregrosa-Muñumer from an in 
vivo study performed on old male rats, where the expression of 
2 major inflammatory markers, INF-g and TNF-a, increased with 
aging, but were subsequently reduced to the levels observed in 
hearts of young animals after RSV supplementation [108].

Our results show it is essential to maintain normoglycemia, 
since the anti-inflammatory effects of substances such as RSV 
can be most effectively exerted under normoglycemic condi-
tions. Furthermore, prolonged hyperglycemia induces ROS pro-
duction in astrocytes and pericytes, which additionally increas-
es CNS inflammation [109].

Accordingly, supplementation of this flavonoid in diabetic 
patients is worth considering. Further in vivo studies are re-
quired to assess its beneficial anti-inflammatory effects, espe-
cially in patients with abnormal glucose concentrations. RSV 
shows beneficial effects that are worth further studying and 
taking advantage of.
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