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Abstract
Background/Aims: Glucose metabolism has been proven as an essential process for 
proliferating keratinocytes, which highlights the importance of glucose transporter-1 (GLUT1) 
not only in the onset of psoriasis but also in the progression and severity of this inflammation-
driven disease. In this study, we attempted to find a connection between proinflammatory 
cytokines (IL-6, IL-17, IL-23, IL-36, TNF-α), a skin inflammation inducing agent – imiquimod 
(IMQ) and GLUT1 expression. Methods: Human keratinocyte HaCaT cell line was incubated 
with exogenous cytokines: IL-6, IL-17A, IL-23, IL-36, TNF-α at a final concentration of 100 
ng/ml, or with 1 µM of IMQ, for 48 h. Following the stimulation, glucose uptake and GLUT1 
expression were evaluated. The activity of GLUT1 was measured in the presence of a selective 
GLUT1 inhibitor, BAY-876. The expression of GLUT1 was examined by immunofluorescence 
and quantified by qPCR, Western blotting and densitometry. Results: The results from qPCR 
analysis showed that the administration of exogenous IL-6, IL-17, IL-23 and IL-36 to HaCaT 
cells resulted in upregulation of GLUT1-encoding SLC2A1 gene, while TNF-α had no significant 
effect. The same results were confirmed by immunofluorescence analysis, as the fluorescent 
intensity of GLUT1 was elevated following cytokine and IMQ stimulation. Western blot and 
densitometry showed that all examined cytokines, as well as IMQ, increased GLUT1 expression. 
HaCaT cells displayed an improved intracellular 2-deoxy-D-glucose (2-DG) uptake and GLUT1 
activity after stimulation by exogenous cytokines and IMQ. The highest uptake of 2-DG was 
observed after IL-23 stimulation (1.93x) and the lowest after TNF-α stimulation (1.07x). BAY-
876 inhibited the 2-DG uptake compared to control. Conclusion: Our findings suggest that 
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cytokines and IMQ may play a key role in regulating GLUT1 expression in HaCaT cells. We 
believe that GLUT1 overexpression could potentially be utilized in the targeted treatment of 
psoriasis.

Introduction

Psoriasis is an immune-mediated skin disease manifested by skin inflammation [1, 
2]. Typical clinical signs of the disease include increased incidence of plaques and scales, 
which initiate associating comorbidities such as pain or itch [3]. Similarly to other chronic 
proinflammatory diseases of the cutaneous system, psoriasis can have a significant impact 
on both physical and mental health quality [4]. The prevalence of this disease varies from 
0.27% to 11.40% and affects approximately 55.8 million adults around the world [5, 6].

The hallmark of psoriasis is constant inflammation that leads to keratinocyte 
hyperproliferation and disordered differentiation. The early phase of the pathogenesis of 
psoriasis consists of the activation of autoreactive T cells, which secrete a wide variety of 
cytokines that play a key role in the development of inflammation. Additionally, various 
triggers, including Toll-like receptor (TLR) agonists and autoantigens may contribute to the 
activation of the pathogenic cascade resulting in enhanced production of proinflammatory 
and proliferation-inducing mediators such as IL-6, IL-17, IL-22, IL-23, IL-36 and TNF-α by 
immune cells [7, 8]. Among these important cytokines lie potential therapeutic targets for 
the treatment of psoriasis.

Current treatments for psoriasis seek to minimize inflammation and remove scales [9]. 
Therapeutic guidelines include topical treatments (mainly corticosteroids, retinoids, vitamin 
D analogues), phototherapy (UVA and UVB), systemic treatments (immunosuppressants) and 
systemic biologic treatments [10, 11]. Biopharmaceuticals target specific immune cells that 
are responsible for psoriasis. The FDA-approved biologic therapies include TNF-α inhibitors 
(Etanercept, Infliximab, Adalimumab, Certolizumab), IL-17 inhibitors (Secukinumab, 
Ixekizumab, Brodalumab) and IL-23 inhibitors (Guselkumab, Tildrakizumab, Risankizumab) 
[12, 13]. There is currently no FDA-approved IL-6 inhibitor therapy for psoriasis, but clinical 
data have shown the potential [12, 13]. Limited long-term outcome data show that biologics 
are safe for prolonged use and well-tolerated; however, side effects such as infections, 
malignancies, cardiac disorders, hepatotoxicity and nerve demyelination have been reported 
[14]. Thus, novel therapeutic approaches are required to minimize the adverse effects of 
currently applied therapies.

Glucose is the primary source of energy for all cells, and it is involved in every metabolic 
cycle and pathway. Due to the high metabolic activity of rapidly proliferating cells in psoriasis, 
the glucose uptake facilitated by glucose transporters (SGLTs and GLUT) is elevated [15, 16]. 
A study conducted by Zhang et al. showed that glucose metabolism is crucial for proliferating 
keratinocytes [17]. Moreover, the genetic deletion of GLUT1 ameliorated psoriasiform 
hyperplasia induced by imiquimod (IMQ) and IL-23 [17]. Other studies have also found that 
increased GLUT1 expression in psoriasis lesions promotes keratinocyte proliferation [18] 
and causes elevated epidermal hyperproliferation, inflammation, and angiogenesis [19]. 
Interestingly, overexpressed GLUT1 transporters in hyperproliferative keratinocytes may 
lead to enhanced uptake of selective glucose-conjugated pharmaceuticals [20].

The above-mentioned studies have highlighted GLUT1 as a potential therapeutic target 
for pathologic hyperproliferation, however, we have failed to find studies examining the 
impact of cytokines and IMQ on GLUT1 expression and function in psoriasis in vitro. The aim 
of our study was to find a connection between proinflammatory cytokines (IL-6, IL-17, IL-23, 
IL-36, TNF-α), IMQ and glucose transporter’s (GLUT1) activity.

Materials and Methods

Cell culture
The HaCaT cell line was obtained from Cell Lines Service (CLS Cell Lines Service, Germany; 300493) 

and maintained in Dulbecco’s modified Eagle’s medium (DMEM, high glucose, no glutamine) supplemented 
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with 10% v/v fetal bovine serum (FBS), 1% 
v/v antibiotics (100 U/mL penicillin, 100 µg/
mL streptomycin), 1% v/v L-Glutamine at 37°C 
and 5% CO2 in a humidified incubator. Cell 
culture reagents were purchased from Gibco 
(Thermo Fisher Scientific, Waltham, MA, USA). 
Cells were passaged at 80% confluence. The 
culture medium was renewed every 3 days. For 
all experiments, HaCaT cells were incubated 
with exogenous cytokines: IL-6, IL-17A, IL-23, 
IL-36, TNF-α (all from Peprotech, USA) for 48 
h at a final concentration of 100 ng/ml, or 1 µM 
imiquimod (IMQ, InVivoGene, USA) for 48 h [21].

RNA extraction and quantitative real-time RT-PCR
The total RNA from cells was isolated using GeneMATRIX Universal RNA Purification Kit (EURx, 

Gdansk, Poland) according to the manufacturer’s protocol. For first-strand cDNA synthesis we used 1 μg 
of RNA and then qPCR with SG qPCR Master Mix (EURx) from smART RT-qPCR Kit (EURx) was performed 
following the manufacturer’s instructions, using Light Cycler 480 instrument (Roche, Basel, Switzerland). 
The glyceraldehyde 3-phosphate dehydrogenase (G3PDH) and β-actin (ACTB) genes were used as 
housekeeping gene (HKG) standards for GLUT1 gene (SLC2A1) expression. Each sample was duplicated, the 
mean value was used for calculations. Primers for the human SLC2A1 target gene and HGKs were designed 
using ProbeFinder 2.48 (Roche). The synthesized (Genomed, Poland) forward and reverse sequences of 
target and HKGs are listed in Table 1.

Glucose uptake assay
HaCaT cells were seeded in a 96-well culture plate (15x10^3 per well). The next day, cells were 

stimulated with 100 ng/ml of exogenous cytokines or 1 µM IMQ. After 48 h, cells were washed 3x with 
phosphate-buffered saline (PBS) and treated with 1 µM BAY-876 [22] (Selleckchem, Houston, TX, USA) and 1 
µM insulin [23] (Thermo Fisher Scientific), dissolved in serum-free culture medium, for 2 h. Next, 2-Deoxy-
D-glucose (2-DG) (ab136955, Abcam) was added for 20 min and cells were washed 3x with PBS. Cells in each 
well were lysed with Extraction Buffer from the Glucose Uptake Assay Kit (Colorimetric) (ab136955, Abcam, 
Cambridge, UK). Further steps were performed according to the manufacturer’s instruction. Samples were 
diluted by adding 45 μl Assay Buffer to 5 μl of sample. Absorbance (OD) was measured using a microplate 
reader (Biotek, Winooski, VT, USA) at 412 nm wavelength in a kinetic mode.

Immunofluorescence
For fluorescence confocal microscopy, HaCaT cells were seeded in a 96-well culture plate at 1x10^6 

cells/well and after reaching 70% confluence underwent fixation using 4% paraformaldehyde (4% PFA) in 
PBS for 10 min at room temperature (RT) followed by rinsing (3xPBS) for 3 min (the scheme of rinsing was 
applied in all steps). After that, a blocking step was performed using a blocking solution (BS) containing 
3% Bovine Serum Albumin (Sigma-Aldrich, Saint Louis, MO, USA), 5% Normal Donkey Serum (Abcam), 
0.01% Triton X-100 (Sigma-Aldrich), 0.01% Tween 20 (Sigma-Aldrich), 0.3 μM glycine in PBS for 1 h at 
4°C. Next, cells were incubated with a primary rabbit anti-human GLUT1 antibody (1:200, clone 16D21, 
monoclonal, Sigma-Aldrich) diluted in BS overnight at 4°C. The next day, cells were rinsed and incubated 
with a donkey anti-rabbit DyLight 488 antibody (dilution 1:500, Novus Biologicals, USA) for 2 h at RT in 
dark conditions. The negative controls were prepared with the omission of the primary antibody. After 
rinsing, cells were additionally incubated with a phalloidin-Alexa Fluor 555 conjugate (Cytotek, USA) at 
37°C for 45 min on a plate rotor for the detection of cellular distribution of actin filaments. Moreover, for the 
nucleus counterstaining, cells were incubated with 100 μl of PBS containing DAPI (1:10000, Sigma-Aldrich).

Confocal microscopy and image processing
The imaging was performed on a spinning-disk confocal microscope (Carl Zeiss, Oberkochen, 

Germany) equipped with a dry 20x objective (NA 0.4) and a QImaging Rolera EM-C2 EM-CCD camera. The 
laser wavelengths used for excitations were 405 nm for DAPI, 488 nm for DyLight 488 (GLUT1), and 561 
nm for Alexa Fluor 555 (phalloidin). Emission filters were as follows: BP 450/50 (DAPI), FE01-520/35 
(DyLight 488) and BP 600/52 (Alexa Fluor 555). Each condition was imaged in triplicates, and five randomly 

Table 1. SLC2A1, ACTB and G3PDH genes forward and 
reverse primers

 

Genes 
Forward (F) and Reverse (R) 

Primers Sequences 
Gene Accession Number 

Target Gene 

SLC2A1 

F: 
GGTTGTGCCATACTCATGACC 

R: 
CAGATAGGACATCCAGGGTAGC 

 NM_006516.4  

Housekeeping Genes (HKGs): 

ACTB 
F: CAACCGCGAGAAGATGAC 
R: GTCCATCACGATGCCAGT 

 NM_001101.5  

G3PDH 
F: TGGTATCGTGGAAGGACTCA 
R: TGGTATCGTGGAAGGACTCA 

 NM_002046.7 
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selected areas per well were analyzed for GLUT1 protein expression. Maximum intensity projections were 
created from confocal Z-stacks and exported to TIFF files (Zen Microscopy Software, Zeiss). Further steps 
of fluorescence intensity (FI) analysis were performed in Fiji-ImageJ software (National Institute of Health, 
Bethesda, USA). In all the channels, Subtract Background and Median filter algorithms were applied to 
reduce background noise, and images were converted to the 8-bit grey scale. Next, the Huang Threshold 
algorithm was used on the phalloidin channel to obtain a binary image showing cell bodies, followed by the 
Watershed algorithm to separate joint objects. Cells were detected using the Analyze particles function and 
identified regions of interest were transferred onto the GLUT1 channel in order to calculate the FI within 
them.

Western blot analysis
Following the cell lysis, protein samples (30 μg) were analyzed on 10% SDS-PAGE under non-reducing 

conditions. Gels were blotted onto a nitrocellulose membrane and transferred at 70 V for 2 h. The membrane 
was blocked with 5% non-fat dried milk in PBS with 0.1% Tween 20 (Merck Life Science, MI, Italy) for 1 h at 
RT. Target proteins were detected with the following primary antibodies: anti-GLUT1 polyclonal rabbit IgG 
(diluted 1:250, Merck, New Jersey, USA) and anti-β-actin monoclonal mouse IgG (diluted 1:5000, Merck). 
The nitrocellulose membrane was incubated at 4°C overnight with the primary antibody, then 3x washed 
in PBS with 0.1% Tween 20. Following the washing, the membrane was incubated for 1 h with a secondary 
anti-rabbit IgG (diluted 1:10000, Merck) conjugated to horseradish peroxidase. Western blot bands were 
detected with Super Signal® West PICO (Thermo Fisher Scientific) and visualized with ChemiDOC XRS, 
Quantity One 4.6.5 software (Bio-Rad Laboratories, Segrate, Milano, Italy). Western blot semi quantitative 
calculations were prepared using ImageJ software (version 2.1.4.7 i1).

Statistical analysis
All experiments were conducted in triplicates. Data were presented as means ± SD (as stated in 

figure legends). Statistical significance was determined by ANOVA with post-hoc Holm-Sidak’s multiple 
comparisons test using GraphPad Prism 9 software. p < 0.05 was considered as statistically significant.

Results

The expression of GLUT1 is significantly induced by IL-6, IL-17, IL-23, IL-36 and IMQ in 
HaCaT keratinocytes
To investigate a potential connection between proinflammatory cytokines, IMQ and 

glucose metabolism in keratinocytes, we examined whether GLUT1 expression is altered 
upon IL-6, IL-17, IL-23, IL-36, TNF-α and IMQ stimulation. We treated HaCaT cells with 
exogenous cytokines and IMQ and 
analyzed their impact on GLUT1 
expression. Briefly, RNA from control 
and treated keratinocytes were 
reverse-transcribed into cDNA and 
analyzed by qPCR using primers 
specific to GLUT1. The results 
showed that the administration of 
exogenous IL-6, IL-17, IL-23 and 
IL-36 to HaCaT cells resulted in the 
upregulation of the SLC2A1 gene, 
while TNF-α had no significant effect 
(Fig. 1). A statistical difference in 
the SLC2A1 mRNA expression level 
was also found between IMQ-treated 
cells and control. These observations 
demonstrate that GLUT1, which is 
the primary glucose transporter 
expressed in keratinocytes, is 
upregulated upon cytokine and IMQ-
induced inflammation.

Fig. 1. Expression level of SLC2A1 mRNA in HaCaT cells 
after stimulation with exogenous cytokines and IMQ. The 
statistical significance level was set at p = 0.01-0.05 (*), 
0.001-0.01 (**), 0.0001-0.001 (***), p ≤ 0.0001 (****), p > 
0.05 = not significant (ns).
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Incubation of HaCaT cells with 
exogenous cytokines and IMQ 
increases the intracellular uptake 
of glucose
To evaluate the effect of 

proinflammatory cytokines and IMQ 
on the glucose uptake by HaCaT 
cells, we measured the concentration 
of 2-DG in the intracellular 
compartment by using the Glucose 
Uptake Assay. Our results showed 
enhanced intracellular glucose 
uptake and GLUT1 activity in HaCaT 
cells stimulated by exogenous 
cytokines and IMQ. The highest 
uptake of 2-DG was observed after 
IL-23 stimulation (1.93x) and lowest 
after TNF-α stimulation (1.07x). 
2-DG concentration was increased 
1.47x for IL-6, 1.44x for IL-17, 1.62x 
for IL-36 and 1.6x for IMQ (Fig. 2). 
Additionally, the stimulation of cells 
with a selective GLUT1 inhibitor 
(BAY-876) led to a decrease of 2-DG 
uptake compared to control (Fig. 2). 
These results demonstrate that IMQ 
and proinflammatory cytokines, 
except for TNF-α, significantly 
regulate the intracellular glucose 
uptake and metabolism during the 
inflammation.

Exogenous cytokines and IMQ 
increase the fluorescence 
intensity of GLUT1 in HaCaT cells
To investigate the impact of 

cytokines and IMQ on the GLUT1 
protein level in HaCaT cells, we 
performed a quantitative analysis 
of the fluorescence intensity (FI) 
of the GLUT1 signal following 
the stimulations. GLUT1 protein 
localization was visualized 
using confocal microscopy. The 
immunostaining revealed that 
GLUT1 localized primarily to the cell 
membrane but was also visible in the 
perinuclear region, which is clearly 
visible on the overlay with DAPI 
staining (Fig. 3). Most importantly, 
the fluorescence intensity of GLUT1 
in HaCaT cells was higher after 
incubation with IL-6, IL-17, IL-23, 
IL-36 and IMQ, while TNF-α did not 
significantly affect the GLUT1 level 
(Fig. 4).

 

Fig. 2. 2-DG uptake in HaCaT cells after stimulation with 
insulin (INS), BAY-876 inhibitor, exogenous cytokines and 
IMQ. Insulin significantly increased the uptake of 2-DG, 
while GLUT1 selective inhibitor BAY-876 decreased the 
concentration of 2-DG in HaCaT cells. The intracellular 
glucose uptake and GLUT1 activity in HaCaT cells stimulated 
with IMQ and proinflammatory cytokines was enhanced. 
The experiment was conducted thrice. Data represent 
mean ± SD; *p < 0.05, compared to untreated control.

 

 

 

 

 

Fig. 3. Immunofluorescence staining of GLUT1 in HaCaT 
cells after the stimulation with exogenous proinflammatory 
cytokines and IMQ. Scale bar = 20 μm.
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Western blot and densitometry prove the 
correlation between proinflammatory 
cytokines and the increase of GLUT1 
expression
Using Western blot method, it was shown 

that all of the examined cytokines, as well as 
IMQ, increased the GLUT1 expression (Fig. 
5). The relative expression analysis revealed 
that HaCaT cells, cultured with IL-36 and 
IMQ expressed almost 80% (p < 0.05) more 
of GLUT1 protein, compared to control cells 
cultured in the standard medium, while IL-23 
and TNF-α increased GLUT1 levels by ∼40% 
(p < 0.05). IL-6 and IL-17 treated cells present 
∼60% higher relative expression than control 
cells.

Discussion

Glucose is the major energy source for 
rapidly proliferating keratinocytes during the 
psoriasis progression. Its uptake is mediated 
and precisely regulated by glucose transporters 
(GLUTs). Among thirteen GLUT family 
members known to date, only GLUT1 has been 
identified as a significant hexose transporter 
expressed in keratinocytes and activated T 
lymphocytes [17]. In this study, we found 
that the exogenous administration of pro-
inflammatory cytokines (IL-6, IL-17, IL-23, IL-
36) and IMQ increases GLUT1 expression and 
results in elevated glucose uptake in inflamed 
keratinocytes. Surprisingly, stimulation of 
cells with TNF-α played a minor role in the 
expression of GLUT1. The pathogenesis of 
psoriasis involves precise communication 
between keratinocytes, immune cells, and 
other skin-related cells. A variety of different 
inflammatory cytokines are involved in this 
process, including IL-4, IL-6, IL-23, IL-17, IL-22, IL-36, and TNF-α. Their increased secretion 
triggers multiple cell signaling pathways, resulting in excessive keratinocyte proliferation 
and production of antimicrobial peptides, chemokines, and growth factors contributing to 
the amplification of inflammation [24–26]. The discovery that cytokines provide signals to 
promote glucose uptake has already been shown in several studies [27–29], but only few 
of them have highlighted this phenomenon in the case of psoriasis. Hodeib et al. found that 
rapidly proliferating keratinocytes express high levels of GLUT1, leading to an increased 
epidermal thickness, inflammatory cell density, and microvessel density [19]. Furthermore, 
as suggested by Ebeling et al., the upregulation of GLUT1 expression increases glucose 
transport, which seems to have an impact on insulin resistance, especially in severe psoriasis 
cases [30]. The positive correlation between GLUT1 expression and progressive keratinocyte 
proliferation, shown by increased Ki-67 expression in psoriasis lesions, has also been indicated 
by Abdou et al. [31]. Consistently with our results, Huang et al. also observed membrane-

Fig. 5. Western Blot analysis of the GLUT1 signal 
in HaCaT cells after stimulation with exogenous 
cytokines and IMQ.

 

Fig. 4. Fluorescence intensity analysis of the 
GLUT1 signal in HaCaT cells after stimulation 
with exogenous cytokines and IMQ. The analysis 
was performed in the Fiji-ImageJ software. The 
statistical significance level was set at p = 0.01-
0.05 (*), 0.001-0.01 (**), 0.0001-0.001 (***), p ≤ 
0.0001 (****), p ≥ 0.05 = ns = not significant.
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enriched GLUT1 in keratinocytes from the psoriatic skin [32]. These findings reinforce our 
suggestions regarding the potential of glucose metabolic-targeted therapy. Furthermore, 
according to Zhang et al. study, GLUT1 deletion or inhibition abolished glucose transport 
by 95% in keratinocytes and impaired their proliferation in vitro. However, despite targeted 
GLUT1 deletion in keratinocytes, there was no apparent difference in skin morphology 
in vivo, suggesting that alternative substrates may be responsible for complementing the 
requirement for glucose, such as amino acids, fatty acids, or other hexoses. Moreover, the 
same study showed that GLUT1 downregulation renders the skin resistant to IMQ- or IL-23-
induced psoriasiform hyperplasia [17]. This finding, in accordance with our results, suggests 
that cytokines and IMQ may play a key role in regulating GLUT1 expression. Taking into 
account that GLUT1 deletion in keratinocytes dampens psoriasiform hyperplasia and the 
GLUT1 overexpression is mediated by immune cells, we believe that inflammatory cytokines 
should be taken into account while precisely designing pharmaceuticals targeting GLUT1. 
Based on our data, we believe that GLUT1 overexpression could potentially be utilized by 
using selective glucose-conjugated pharmaceuticals against psoriasis. Thus, we propose a 
new drug development path that seems to alleviate psoriasis symptoms by their selective 
glucose-conjugated uptake by cytokine-induced GLUT1 overexpression. However, further 
studies are required to precisely dissect the utility of GLUT1 in the potential treatment of 
psoriasis.
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