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Abstract
Inflammatory bowel diseases (IBD) are characterized by chronic and relapsing inflammation affecting the gastrointestinal 
(GI) tract. The incidence and prevalence of IBD are relatively high and still increasing. Additionally, current therapeutic 
strategies for IBD are not optimal. These facts urge todays’ medicine to find a novel way to treat IBD. Here, we focused on 
the group of anti-diabetic drugs called gliflozins, which inhibit sodium glucose co-transporter type 2 (SGLT-2). Numerous 
studies demonstrated that gliflozins exhibit pleiotropic effect, including anti-inflammatory properties. In this study, we tested 
the effect of three gliflozins; empagliflozin (EMPA), dapagliflozin (DAPA), and canagliflozin (CANA) in in vitro and in vivo 
models of intestinal inflammation. Our in vitro experiments revealed that EMPA and DAPA suppress the production of nitric 
oxide in LPS-treated murine RAW264.7 macrophages. In in vivo part of our study, we showed that EMPA alleviates acute 
DSS-induced colitis in mice. Treatment with EMPA reduced macro- and microscopic colonic damage, as well as partially 
prevented from decrease in tight junction gene expression. Moreover, EMPA attenuated biochemical inflammatory param-
eters including reduced activity of myeloperoxidase. We showed that SGLT-2 inhibitors act as anti-inflammatory agents 
independently from their hypoglycemic effects. Our observations suggest that gliflozins alleviate inflammation through their 
potent effects on innate immune cells.
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Introduction

Inflammatory bowel diseases (IBD), including ulcerative 
colitis (UC) and Crohn’s disease (CD), are characterized 
by chronic and relapsing inflammation affecting the gas-
trointestinal (GI) tract. IBD shares common traits, such as 
dysbiosis and similar profile of overactive pro-inflammatory 
cytokines, with other diseases. One of them is type 2 diabe-
tes mellitus (DM) (Jurjus et al. 2016).

The incidence and prevalence of IBD are high and still 
increasing. In Europe, approximately 2.2 million people suf-
fer from CD or UC (Ananthakrishnan 2015). As a result, 
healthcare systems experience high direct costs associated 
with consultations, diagnostic procedures and drug thera-
pies. Additionally, IBD sufferers incur indirect costs related 
to workplace productivity losses. Current therapeutic strate-
gies for IBD are based on corticosteroids, 5-aminosalicylic 
acid and biologics. However, even treatment with the use 
of anti-tumor necrosis factor alpha (TNFα) antibodies, 
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considered one of the most effective, poses risk of serious 
adverse effects or development of tolerance (Strik et al. 
2016). Thus, the target of todays’ medicine is to find a novel 
way to treat IBD.

One of the newest anti-diabetic drugs are sodium glucose 
co-transporter type 2 (SGLT-2) competitive inhibitors called 
gliflozins. The US Food & Drug Administration (FDA) 
approved three medications of this class: empagliflozin 
(EMPA) dapagliflozin (DAPA) and canagliflozin (CANA). 
SGLT-2 is found in many tissues but is primarily expressed 
in proximal tubules of the kidney and its inhibition leads to 
glycosuria. Numerous studies demonstrated that gliflozins 
exhibit pleiotropic effect including cardio- and renoprotec-
tive properties (Yamada et al. 2021). Moreover, pre-clinical 
research showed that gliflozins also exert anti-inflammatory 
effect regardless of its hypoglycemic activity. For example, 
SGLT-2 inhibition significantly attenuated inflammatory 
responses in vitro, which was demonstrated mainly in mac-
rophages treated with lipopolysaccharide (LPS). EMPA 
decreased the production of inflammatory cytokines: TNFα, 
interleukin (IL) 1β, and IL-6 in LPS-stimulated RAW264.7 
cells (Lee et al. 2021; Liu et al. 2021; Xu et al. 2018). More-
over, EMPA inhibited the production of other molecules 
playing key roles in inflammation, e.g. prostaglandin E2 
(PGE2), cyclooxygenase-2 (COX-2) and inducible nitric 
oxide synthase (iNOS) in the same experimental model 
(Lee et al. 2021). Moreover, in RAW264.7 macrophages 
and human umbilical vein endothelial cells (HUVECs), 
DAPA decreased the levels of inflammatory cytokines and 
increased the expression of anti-inflammatory miR-146a. 
This effect of DAPA was observed in LPS-treated cells 
exposed to both normal and high glucose levels (Abdollahi 
et al. 2022). In another study, CANA decreased the levels 
of TNFα, IL-1α, IL-6 and reactive oxygen species (ROS) in 
LPS-stimulated RAW264.7 macrophages, as well as TNFα 
and IL-1β in LPS-treated human leukemia monocytic cells 
(THP-1) (Xu et al. 2018).

Rodent studies also showed anti-inflammatory effects of 
SGLT-2 inhibitors. EMPA significantly decreased the con-
centrations of serum IL-1β, IL-6 and IL-10 in non-diabetic 
mice (Liu et al. 2021). In another study, CANA reduced 
the levels of TNFα and IL-6 in LPS-treated mice (Xu et al. 
2018). Moreover the use of gliflozins decreased biochemical 
parameters of inflammation and reduced macro- and micro-
scopic colonic damage in rat model of acetic-acid colitis (El-
Rous et al. 2021; Morsy et al. 2021; Zaghloul et al. 2022). 
Similarly, dextran sulfate sodium (DSS)-induced colonic 
inflammation in mice was reduced by EMPA alone or in 
combination with metformin (Youssef et al. 2021).

Hattori et al. showed that patients receiving EMPA had 
high sensitivity C-reactive protein (CRP) reduced by 54% 
after 12 months of treatment (Hattori 2018). Another human 
study showed greater anti-inflammatory effects of CANA 

than glimepiride in patients with type 2 DM (Heerspink 
et al. 2019).

Results of all mentioned studies suggest that gliflozins 
possess anti-inflammatory activity but to date its mecha-
nism was not fully characterized. Therefore, the aim of this 
project was to verify the anti-inflammatory effect of gli-
flozins, which is suggested by numerous studies as partly 
independent from its hypoglycemic activity and to inves-
tigate into biomolecular changes in cell lines and the GI 
tract that accompany treatment with those drugs For this 
purpose, we evaluated the effects of gliflozins in in vitro 
and in vivo models of GI inflammation. First, we evaluated 
the influence of EMPA, DAPA and CANA on the inflamma-
tory responses in RAW264.7 macrophages and Caco-2 cells. 
Then, we assessed the effect of selected gliflozin, EMPA, 
on GI inflammation in vivo. For this purpose, we used two 
models of DSS–induced colitis and measured the macro-/
microscopic and biochemical parameters of inflammation 
in the mouse colon.

Materials and methods

Cell line culture

The RAW264.7 mouse macrophages (ATCC: TIB-71) were 
cultured in Dulbecco’s Modified Eagle Medium (Gibco) 
supplemented with 10% bovine calf serum (BCS), 2 mM 
Alanine-Glutamine, 0.5% penicillin–streptomycin (P/S), 
1 mM sodium pyruvate, and 25 mM HEPES. The cells were 
grown in a humidified atmosphere of 5% CO2 at 37 ℃. The 
medium was refreshed every two or three days and the cells 
were passaged after reaching approx. 80% confluence.

The Caco-2 human colonic epithelial cells (ATCC: HTB-
37) were cultured in Eagle’s Minimal Essential Medium 
(Gibco) with addition of 20% fetal bovine serum (FBS), 
4 mM Ala-Gln, 0.1 mM nonessential amino acids, 0.5% P/S, 
1 mM sodium pyruvate, and 25 mM HEPES. The cells were 
grown in a humidified atmosphere of 5% CO2 at 37 ℃. The 
cells were trypsinized and passaged after reaching approx. 
80% confluence.

Cytotoxicity assessment

The effect of gliflozins on the cell viability of RAW264.7 
macrophages was evaluated with the use of neutral-red 
uptake (NRU) assay. Gliflozins were tested in following con-
centrations: 10, 20, 40, 80 µM (EMPA), 40, 80, 100, 200 µM 
(DAPA), 20, 40, 80, 100 µM (CANA) and budesonide was 
applied at the concentration of 10 µM as a positive control 
(Salaga et al. 2021).

The assay is based on the staining of living cells by 
neutral red (NR), which indicates the lysosomal activity 
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of viable cells. The cells were seeded on 96-well plates 
(20,000 cells/well) and exposed to the compounds for 48 h 
before the measurement of cytotoxicity. Then, the medium 
was removed and 100 µl/well of 0.05 mg/ml NR solution 
in culture medium was added. After 1 h incubation, cells 
were washed with phosphate buffer saline (PBS, pH 7.4) and 
100 µl/well of 40% ethanol, and 10% acetic acid in water was 
used to dissolve the dye. The plates were shaken for 10 min 
and the absorbance was measured at 540 nm in a microplate 
reader (iMARK Microplate Reader, Biorad, Hertfordshire, 
UK). Cytotoxicity was expressed as a percentage of cells 
without any treatment.

Griess assay

The effect of gliflozins on nitrite secretion of RAW264.7 
cells was evaluated with Griess Assay. The cells were seeded 
on 96-well plates (20,000 cells/well) and incubated with 
standard culture medium (control) or medium with 0.5 µg/
ml LPS with or without gliflozins or budesonide. After 24 h 
of incubation medium was removed, and solutions contain-
ing gliflozins or budesonide, without LPS, were added. After 
another 24 h, 100 µl of cell culture supernatant was mixed 
with 100 µl of Griess reagent water solution (40 mg/ml), and 
the mixture was incubated in the dark for 15 min. Next, the 
absorbance was read at 540 nm. Nitrite concentration was 
expressed as a percentage of the cells treated with LPS only.

In vitro model of LPS‑induced inflammation

The effect of gliflozins on mRNA expression of proinflam-
matory cytokines in RAW264.7 cells was evaluated after 
stimulation with LPS. The cells were seeded on 6-well plates 
(6,000,000 cells/well) and incubated with standard culture 
medium (control) or medium with 0.5 µg/ml LPS + DMSO 
(0.004% for EMPA, 0.01% for DAPA and CANA) with or 
without gliflozins. After 24 h of incubation medium was 
removed, and solutions containing gliflozins, without LPS, 
were added. After another 24 h, total RNA was isolated from 
the cells. Furthermore, mRNA expression of TNFα, IL-1β, 
IL-6 and IL-10 was measured by using qPCR.

In vitro model of cytokine and LPS‑induced 
inflammation

The effect of gliflozins on inflammatory response of Caco-2 
cells was evaluated with the model proposed by Van De 
Walle et al. (2010). The cells were seeded on a 24-well plate 
(100,000 cells/well) and incubated for 24 h with standard 
culture medium. Then, a mixture of TNFα (50 ng/ml), Il-1β 
(25 ng/ml), interferon gamma (IFNγ; 50 ng/ml), and LPS 
(100 ng/ml) was added to each well. Experimental groups 

were additionally treated with EMPA and DAPA in con-
centrations selected based on the out-comes of cytotoxic-
ity assessment: EMPA; 40 µM, and DAPA; 100 µM (0.25% 
DMSO). After 12 h of incubation, cell culture medium was 
harvested and used for IL-6 measurement with a human IL-6 
ELISA kit (cat. no. 950.030.096, Diaclone, France) accord-
ing to manufacturer instructions. Outcomes were expressed 
as a percentage of cells treated with a mixture of cytokines 
and LPS only.

Animals

We used experimentally naive male Balb/c mice (Animal 
House at the University of Lodz, Poland) weighing 20–25 g. 
Animals were housed at a constant temperature (22 °C) and 
maintained under a 12-h light/dark cycle in sawdust-lined 
plastic cages. Chow pellets and tap water were provided 
ad libitum. All animal protocols were approved by the Medi-
cal University of Lodz Animal Care Committee (Protocol 
38/ŁB177/2020) and complied with the European Com-
munities Council Directive of 22 September 2010 the EU 
(2010/63/EU). All efforts were made to minimize animal 
suffering and to reduce the number of animals used. Groups 
of 10 (control groups) or 12 animals (experimental groups) 
were used in all in vivo experiments.

Acute and chronic‑relapsing models of DSS‑induced 
colitis

Acute colitis was induced by the addition of DSS to drink-
ing water from day 0 to day 4 (3% wt/vol; molecular weight 
40,000; MP Biomedicals, Aurora, OH, Lot No. 5237 K). 
On days 5 to 7, animals received water without DSS. Con-
trol animals were receiving tap water throughout the whole 
experiment (Chassaing et al. 2014; Salaga et al. 2021).

Chronic-relapsing colitis was induced by 3 cycles of 
5 days treatment with DSS (2% wt/vol; molecular weight 
40,000; MP Biomedicals, Aurora, OH, Lot No. 5237 K) in 
drinking water followed by 4 days of water without DSS (3 
cycles, 9 day each, 27 days in total). Control animals were 
receiving tap water throughout the whole experiment (Chas-
saing et al. 2014).

Pharmacological treatment

In acute model of colitis, 5% DMSO solutions of EMPA 
were orally administered at the doses 1 mg/kg bw or 5 mg/
kg bw once daily (on days 3–6). 5% DMSO was also admin-
istered to control and DSS-treated groups.

In chronic-relapsing model, 5% DMSO solutions of 
EMPA were orally administered at the doses 0.3 mg/kg bw 
or 1 mg/kg bw once daily (on days 10–27). 5% DMSO was 
also administered to control and DSS-treated groups.
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Evaluation of colonic damage

On day 7 (acute) and 28 (chronic) all mice were sacrificed 
by cervical dislocation, and the macroscopic evaluation was 
performed by two researchers (AM and MSw). The entire 
colon was excised and weighed with fecal content. Then, 
the colon was opened longitudinally and washed. A total 
macroscopic damage score was expressed in arbitrary units 
(A.U.) calculated based on the following parameters: colon 
epithelial damage determined by a number of ulcers (0–3), 
stool score (where 0 means normal, well-shaped fecal pellets 
and 3 means diarrhea), colon weight and length scores (0–4) 
calculated as a loss of each parameter in relation to the con-
trol group (0 points, ≤ 5% change; 1 point, 5–14% change; 
2 points, 15–24% change; 3 points, 25–35% change; and 4 
points, ≥ 35% change). The presence (score = 1) or absence 
(score = 0) of fecal blood was also recorded. The macro-
scopic scoring was performed in a blind manner (Salaga 
et al. 2017).

Determination of tissue myeloperoxidase (MPO) 
activity

One-centimeter segments of colon were weighed and 
homogenized in hexa-decyltrimethylammonium bromide 
(HTAB) buffer (0.5% HTAB in 50 mM potassium phos-
phate buffer, pH 6.0; 50 mg of tissue/ml) immediately after 
isolation and the homogenate was centrifuged (15 min, 
13,200 × g, 4 °C). Then, 7 µl of supernatants were added to 
each well on a 96-well plate containing 200 µl of 500 mM 
potassium phosphate buffer supplemented with 0.167 mg/
ml of O-dianisidine hydrochloride and 0.05 µl of 1% H2O2. 
Absorbance was measured at 450 nm (iMARK Microplate 
Reader, Biorad, United Kingdom). All measurements were 
performed in triplicate. MPO was ex-pressed in milliunits 
per gram of wet tissue, 1 unit being the quantity of enzyme 
able to convert 1 µmol of H2O2 to water in 1 min at room 
temperature. Units of MPO activity per 1 min were cal-
culated from a standard curve using purified peroxidase 
enzyme.

Histopathological evaluation

After the macroscopic damage evaluation, segments of the 
distal colon were stapled flat, mucosal side up, onto card-
board and fixed in 10% neutral-buffered formalin for 24 h 
at 4 °C. Samples were then dehydrated in sucrose, embed-
ded in paraffin, sectioned at 5 μm and mounted onto slides. 
Subsequently, sections were stained with hematoxylin and 
eosin and examined using an Axio Imager A2 microscope 

(Carl Zeiss, Oberkochen, Germany). Photographs were 
taken using a digital imaging system consisting of a digi-
tal camera (Axiocam 506 clolor, Carl Zeiss, Germany) 
and image analysis software (Zen 2.5 blue edition, Carl 
Zeiss, Germany). A total microscopic damage score was 
expressed in arbitrary units (A.U) calculated based on the 
following parameters assessed by two researchers (AM 
and KP): the presence (score = 1) or absence (score = 0) of 
goblet cell depletion, the presence (score = 1) or absence 
(score = 0) of crypt abscesses, the destruction of mucosal 
architecture (normal = 1, moderate = 2, extensive = 3), the 
extent of muscle thickening (normal = 1, moderate = 2, 
extensive = 3), and the presence and degree of cellular 
infiltration (normal = 1, moderate = 2, transmural = 3) 
(Salaga et al. 2017).

RNA isolation, reverse transcription and qPCR

Briefly, total RNA was isolated from RAW264.7 cells (in 
vitro) or from the distal sections of large intestine (weigh-
ing 20–30 mg) from both healthy and DSS-treated animals 
(in vivo), in accordance with the manufacturer’sprotocol 
using Total RNA Mini Plus kit (A&A Biotechnology, 
Gdansk, Poland). RNA was eluted from ion ex-change 
columns by diethyl pyrocarbonate (DEPC)-treatedwater 
(40 µl). The purity and quantity of isolated RNA was esti-
mated using Colibri Microvolume Spectrophotome-ter 
(Biocompare, San Francisco, CA, USA). Total RNA (in 
vitro: 0.1 µg, in vivo: 0.5 µg) was transcribed to cDNA 
with Maxima First Strand cDNA Synthesis Kit for RT-
qPCR (Thermo Fisher Scientific, Waltham, MA, USA) in 
accordance with the manufacturer’s protocol. Quantita-
tive assay of the expression was executed using fluores-
cently labeled probes (Life Technologies, Carlsbad, CA, 
USA): TNFα (Mm00443258_m1), Il-1β (Mm00434228_
m1), Il-6 (Mm00446190_m1), claudin 2 (CLDN-2) 
(Mm00516703_s1), CLDN-3 (Mm00515499_s1), CLDN-4 
(Mm00515514_s1), CLDN-7 (Mm00516817_m1), CLDN-
10 (Mm01226326_g1) and HPRT (Mm03024075_m1) 
as endogenous control on Lightcycler 96 (Roche, Basel, 
Switzerland) using Takyon One-Step Kit Converter (Eura-
gentec, Seraing, Belgium) according to the manufacturer’s 
protocol. All experiments were conducted in duplicate. 
The threshold cycle (Ct) values for studied genes were 
normalized to Ct values received for HPRT. The relative 
quantity of mRNA copies was calculated using the equa-
tion: 2-ΔCt × 1000. Then all values were normalized and 
expressed as a fold-change relative to the control.
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Fig. 1   Effect of gliflozins on survival of RAW264.7 macrophages. 
The viability of cells was determined by neutral-red (NRU) uptake 
after treatment with various concentrations of EMPA (A), DAPA 
(C), and CANA (E). Effect of gliflozins on nitric oxide (NO) secre-
tion of RAW264.7 cells after 24  h stimulation with lipopolysaccha-
ride (LPS), and treatment with various concentrations of respective 

gliflozins (B, D, F). Budesonide (BUD, 10  µM) was used for com-
parison in each experiment. Values are mean ± SEM of 3 experi-
ments, 6 replicates each. Significance of differences between means: 
##p < 0.01, ####p < 0.0001 versus control cells, *p < 0.05, **p < 0.01, 
****p < 0.0001 versus LPS-treated group

Statistics

The statistical analysis was performed using Prism 8.2.1 
(GraphPad Software Inc., La Jolla, CA, USA) with the 

use of one-way ANOVA followed by the Dunnett’s test 
for multiple comparisons. The data are expressed as the 
means ± SEM.
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Fig. 2   Effect of 40 µM of EMPA (A–D), 100 µM of DAPA (E–H), 
and 100 µM of CANA (I–L) on mRNA expression of proinflamma-
tory cytokines in RAW264.7 cells after 24 h stimulation with lipopol-
ysaccharide (LPS). Figure shows data for TNFα (A, E, I), IL-1β (B, 
F, J), IL-6 (C, G, K), and IL-10 (D, H, L) presented in relative units 

compared to control. LPS with DMSO (0.004% for EMPA, 0.01% 
for DAPA and CANA) was used for comparison as positive control. 
Values are mean ± SEM, of 3 replicates. Significance of differences 
between means: #p < 0.05, ##p < 0.01, ###p < 0.001 versus control 
group, **p < 0.01 versus LPS-treated group
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Results

Effect of gliflozins on cellular viability, 
LPS‑stimulated NO production and mRNA 
ex‑pression of TNFα, IL‑1β, IL‑6 and IL‑10 
in RAW264.7 macrophages

Initially we measured the expression of SGLT-2 in RAW 
264.7 and Caco-2 cells by Western blotting analysis (data 
not shown) and observed that this proteins is present in 
those cell lines. Then, in order to assess the cytotoxic-
ity and anti-inflammatory activity of EMPA, DAPA and 
CANA we used NRU and Griess assays in RAW 264.7 
cells. We did not observe a toxic effect of EMPA at the 
concentrations of 10, 20, and 40 µM. However, EMPA at 
80 µM displayed significant cytotoxicity (Fig. 1a). Among 
the tested concentrations of DAPA (40, 80, 100, 200 µM), 
only the highest one induced slight but significant reduc-
tion of the cell viability (Fig. 1c). NRU assay did not show 
cytotoxicity of CANA at any of following concentrations: 
20, 40, 80, 100 µM (Fig. 1e). However, we observed high 
cytotoxicity of CANA at 200 µM (data not shown). We 
also evaluated the effect of gliflozins on the inflammatory 
response in RAW264.7 cells. We observed that treatment 
with EMPA resulted in a dose-dependent decrease in the 
level of NO production in LPS-stimulated macrophages. At 
concentrations of 10, 20, 40, and 80 µM, EMPA reduced 
the NO secretion by 32.33%, 43.73%, 70.43% (p = 0.0195) 
and 88.47% (p = 0.0037), respectively (Fig. 1b). The treat-
ment with DAPA at 200 µM inhibited the production of 
NO by 67.6% (p < 0.0001) (Fig. 1d). Significant inhibition 
of NO synthesis was not apparent in macrophages exposed 
to CANA (Fig. 1e). Positive controls were treated with 
budesonide at 10 µM in all experiments.

In the next step, we evaluated the effects of glifloz-
ins on the levels of mRNA ex-pression of cytokines in 
LPS-treated RAW264.7 cells. For this purpose, we tested 
the highest non-toxic concentrations of drugs; 40 µM for 

EMPA and 100 µM for DAPA and CANA. We observed 
that LPS significantly increased mRNA expression of 
TNFα, IL-1β, and IL-6 (Fig. 2a–k). DAPA at the concen-
tration of 100 µM significantly attenuated this effect for 
IL-6 (p = 0.0028) (Fig. 2g), and partially reduced expres-
sion of TNFα and IL-1β (Fig. 2e, f). Moreover, 40 µM of 
EMPA partially decreased expression of IL-1β and IL-6 
(Fig. 2b, c). Similarly, 100 µM of CANA partially reduced 
expression of TNFα and IL-1β (Fig. 2i, j).

In summary, EMPA and DAPA significantly alleviated 
inflammatory response in RAW264.7 cells. Therefore, we 
focused on these gliflozins in further in vitro experiments. 
We selected following concentrations; 40 µM for EMPA 
and 100 µM for DAPA for subsequent studies.

Effect of EMPA and DAPA on inflammatory response 
in cytokine and LPS‑stimulated Caco‑2 cells

In the following step of in vitro experiments, we measured 
the secretion of IL-6 in cytokine (TNFα, IL-1β, IFNγ) and 
LPS-stimulated Caco-2 cells. We treated the cells with 
water solution of EMPA (40 µM), and 0.25% DMSO solu-
tion of DAPA (100 µM). DMSO inhibited the inflammatory 
response in Caco-2 cells, thus we used 0.25% DMSO–treated 
group as a control for cells exposed to DAPA (Hollebeeck 
et al. 2011). As a result, treatment with both gliflozins did 
not influence the inflammatory response in Caco-2 cells 
(Fig. 3).

Effect of EMPA on the acute model of DSS‑induced 
colitis in mice

The results of the in vitro part of our study allowed us to 
choose EMPA as the best candidate to evaluate the anti-
inflammatory effect of gliflozins in the mouse GI tract. 
For this purpose, we used well-established mouse models 
of colitis induced by DSS. Firstly, we tested the drug in 
acute model of colitis induced by the addition of 3% DSS 

Fig. 3   Effect of EMPA and 
DAPA on IL-6 secretion in 
Caco-2 cells after 12 h stimula-
tion with the cocktail of TNFα, 
IL-1β, IFNγ and LPS. Values 
are mean ± SEM of 4 replicates. 
Significance of differences 
between means: #p < 0.05, 
####p < 0.0001 versus control 
cells
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to drinking water from day 0 to day 4. EMPA was orally 
administered at two doses: 1 mg/kg or 5 mg/kg once daily 
from day 3 to day 6.

Mice exposed to DSS developed severe colonic injury, 
manifested by body weight loss, intensified macro-
scopic damage, decreased colon weight and colon length 
(Fig. 4a–d). The macroscopic damage score (13 ± 0.36 for 
DSS vs 1.6 ± 0.54 for control, p < 0.0001) was reduced 
in animals treated with 1  mg/kg EMPA (10.83 ± 0.76, 
p = 0.032) (Fig.  4b). DSS-induced colitis was charac-
terized by increased MPO activity (30.09 ± 6.38U for 
DSS vs 10.11 ± 4.34U for control, p = 0.012), which was 

significantly inhibited by EMPA (14.29 ± 2.76U, p = 0.038 
for 1 mg/kg; 13.69 ± 2.41U, p = 0.036 for 5 mg/kg) (Fig. 4e).

We observed that treatment with DSS significantly 
decreased the expression of tight junction proteins (TJPs) 
mRNA, including CLDN-2 (p = 0.0095), CLDN-3 
(p = 0.0012), CLDN-4 (p = 0.011), CLDN-7 (p = 0.0038), 
and CLDN-10 (p = 0.0047) (Fig. 5a–e). Moreover, DSS 
treatment resulted in increased expression of inflammatory 
cytokines (TNFα, IL-1β, IL-6), (Fig. 6a–c). These effects 
of DSS were partially, but not significantly, attenuated by 
1 mg/kg of EMPA.

Fig. 4   Effect of EMPA on 
parameters of acute inflam-
mation in DSS-treated mice. 
EMPA was orally administered 
at two doses: 1 mg/kg or 5 mg/
kg once daily (on days 3–6). 
Figure shows data for body 
weight (A), macroscopic score 
(B), colon weight (C), colon 
length (D), and MPO activity 
(E). Values are mean ± SEM, of 
9–11 mice per group. Signifi-
cance of differences between 
means: #p < 0.05, ####p < 0.0001 
versus control group, *p < 0.05 
versus DSS-treated group. A.U. 
arbitrary unit
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Histological evaluation of mouse colon specimens sup-
ported the macroscopic observations (Fig. 7a–e). DSS treat-
ment significantly increased the microscopic damage score, 
characterized by the thickening of muscular layer, increased 
immune cell in-filtration, loss of mucosal architecture, as 
well as altered crypts morphology (9.75 ± 0.45 for DSS vs 
3.94 ± 0.25 for control, p < 0.0001) (Fig. 7a, b). EMPA at the 
dose of 1 mg/kg restored the microscopic architecture of the 
colon (6.81 ± 0.61, p = 0.0008) (Fig. 7c).

Effect of EMPA on the chronic‑relapsing model 
of DSS‑induced colitis in mice

In further investigations, we evaluated the effect of EMPA in 
the model of chronic-relapsing DSS-induced colitis, which 
reflects exacerbations and remissions observed in IBD. In 
this model, colitis was induced by 3 cycles of 5 days treat-
ment with 2% DSS in drinking water followed by 4 days of 
water without DSS. In the acute model of colitis, EMPA 
at the dose of 1 mg/kg displayed better anti-inflammatory 
properties than the dose of 5  mg/kg. Therefore, in the 

Fig. 5   Effect of EMPA on the 
expression of TJPs in the colon 
of mice with acute DSS-induced 
colitis. EMPA were orally 
administered at two doses: 
1 mg/kg or 5 mg/kg once daily 
(on days 3–6). Figure shows 
data for CLDN-2 (A), CLDN-3 
(B), CLDN-4 (C), CLDN-7 (D), 
and CLDN-10 (E) presented in 
relative units compared to con-
trol. Values are mean ± SEM, of 
9–11 mice per group. Signifi-
cance of differences between 
means: #p < 0.05, ##p < 0.01 
versus control group
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chronic-relapsing model we tested EMPA at the doses of 
0.3 mg/kg and 1 mg/kg administered orally once daily from 
day 10 to day 27.

DSS treatment resulted in colonic inflammation, which 
was manifested by body weight loss, significantly increased 
macroscopic damage score and decreased colon length 
(Fig. 8a, b, d). EMPA did not alleviate macroscopic symp-
toms of colitis. Interestingly, contrary to acute model of 
colitis, the levels of MPO activity did not differ between the 
groups (Fig. 8e). Chronic administration of DSS up-regu-
lated the expression of inflammatory cytokines, which was 
non-significantly influenced by the treatment with EMPA. 
The dose of 0.3 mg/kg EMPA inhibited this effect of DSS, 
whereas higher dose of 1 mg/kg increased the expression of 
cytokines (Fig. 9a–c). Similarly, to acute model of colitis, 
chronic-relapsing inflammation induced by DSS was charac-
terized by increased microscopic damage score (6.58 ± 0.62 
for DSS vs 3.83 ± 0.24 for control, p = 0.0001) (Fig. 10a, b). 
The histological changes were significantly reduced after 
treatment with 1 mg/kg of EMPA (4.06 ± 0.25, p = 0.0008) 
(Fig. 10d).

Discussion

Large prevalence and recent significant increase in the inci-
dence of IBD raise the need for the development of new, 
specific, and above all, effective therapeutics. For this pur-
pose, in this study we focused our attention on gliflozins. 
This novel class of anti-diabetic agents inhibit SGLT-2 pro-
tein, which results in effective reduction of hyperglycemia. 
Moreover, plethora of studies showed that SGLT-2 inhibi-
tors exhibit local and systemic anti-inflammatory proper-
ties (Kang et al. 2020). Hence, we tested the effect of three 
gliflozins; EMPA, DAPA and CANA in in vitro and in vivo 
models of intestinal inflammation.

Development of intestinal inflammation involves immune 
cells, especially macrophages, which are the main cells 
expressing iNOS. The expression of this enzyme is increased 
in response to cytokines as well as other activating stimuli, 
including microbiota playing key role in GI inflammation 
and further carcinogenesis (Ağagündüz et al. 2023). The 
process is characterized by upregulation of JAK/STAT and 
TLR-4/NF-κB signaling pathways, which lead to overpro-
duction of NO. This molecule plays essential roles in intes-
tinal physiology and pathology (Lanas 2008). In excessive 
amounts, NO exacerbates colonic inflammation, e.g. by the 
activation of innate immune system, induction of reactive 
nitric oxygen species (RNOS), and the release of intracel-
lular cytotoxic agents. Studies showed that pharmacological 
agents, which suppress the pro-duction of NO, are also able 
to attenuate the symptoms of IBD (Kamalian et al. 2020). 
Our in vitro experiments revealed that EMPA and DAPA, but 

Fig. 6   Effect of EMPA on pro-inflammatory cytokines gene expression in 
the colon of mice with acute DSS-induced colitis. EMPA were orally admin-
istered at two doses: 1 mg/kg or 5 mg/kg once daily (on days 3–6). Figure 
shows data for TNFα (A), IL-1β (B), and IL-6 (C) presented in relative units 
compared to control. Values are mean ± SEM, of 9–11 mice per group



387Empagliflozin attenuates intestinal inflammation through suppression of nitric oxide…

1 3

not CANA, suppressed the production of NO in LPS-treated 
murine RAW264.7 macrophages. In previous study on LPS-
stimulated RAW264.7 cells, Lee et al. (2021) demonstrated 

that EMPA decreased the mRNA expression and protein 
level of iNOS as a result of JAK/STAT, NF-κB, and JNK 
pathways inhibition. Downregulation of TLR-4/NF-κB in 

Fig. 7   Representative micro-
graphs of hematoxylin and 
eosin-stained sections of 
distal colon in acute DSS-
induced colitis. Figure shows 
data for A Control, B DSS, 
C DSS + 1 mg/kg EMPA, D 
DSS + 5 mg/kg EMPA, and 
microscopic total damage score 
(E). Scale bar = 50 µm. Values 
are mean ± SEM, of 9–11 
mice per group. Significance 
of differences between means: 
####p < 0.0001 versus control 
group, ***p < 0.001 versus 
DSS-treated group. 1 Goblet 
cell, 2 mucosal layer, 3 cellular 
infiltration
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LPS-stimulated macrophages was also observed for DAPA 
(Abdollahi et al. 2022). In another study, the inhibition of 
this pro-inflammatory cascade as well as the decrease in 
IL-1β level was observed in EMPA-treated RAW264.7 cells 
stimulated by oxLDL (Liu et al. 2021). Mentioned observa-
tions stay in line with our results.

We revealed that CANA did not attenuate NO synthesis 
in LPS-stimulated RAW264.7 cells. Interestingly, other 
studies on RAW264.7, THP-1, and human endothelial cells 
showed that CANA displays the strongest anti-inflamma-
tory properties among all of tested gliflozins (Mancini 
et al. 2018; Uthman et al. 2021; Xu et al. 2018). It was 

suggested that the beneficial effect of CANA is partly due 
to the inhibition of intracellular glucose metabolism and 
this mechanism might be independent of SGLT-2 pro-
tein (Xu et al. 2018). We hypothesize that the divergence 
between the effects of CANA and other gliflozins on NO 
synthesis is caused by its lower selectivity compared to 
EMPA and DAPA which may cause off target effects. 
It is manifested by a relatively high affinity to SGLT-1, 
which is an isoform with wider tissue distribution than 
SGLT-2 (Sokolov et al. 2020). Several studies showed that 
SGLT-1 plays unclear roles in processes responsible for 
NO production. On the other hand, it is suggested that NO 

Fig. 8   Effect of EMPA on 
parameters of chronic-relapsing 
inflammation in DSS-treated 
mice. EMPA was orally 
administered at two doses: 
0.3 mg/kg or 1 mg/kg once 
daily (on days 10–27). Figure 
shows data for body weight (A), 
macroscopic score (B), colon 
weight (C), colon length (D), 
and MPO activity (E). Values 
are mean ± SEM, of 8–10 
mice per group. Significance 
of differences between means: 
##p < 0.01, ###p < 0.001 versus 
control group. A.U. arbitrary 
unit
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regulates SGLT-1 activity and not vice versa (Arthur et al. 
2014; Palaniappan et al. 2020).

In order to explain the possible mechanisms underlying 
the anti-inflammatory properties of SGLT-2 inhibitors, we 
tested the effect of gliflozins on Caco-2 cells, which are 
widely used as a model of human intestinal epithelium. Con-
trary to our observations from RAW264.7 line, EMPA and 
DAPA did not influence the inflammatory response meas-
ured by IL-6 secretion after stimulation with pro-inflam-
matory cocktail. This may be caused by the low expression 
of SGLT-2 in Caco-2 cells and hence the lack of ability to 
mediate significant effects. It was showed that Caco-2 cells 
are characterized by having SGLT-1 as a major sodium-
glucose co-transporter (Kipp et al. 2003).

In in vivo part of present study, we initially showed that 
EMPA partially alleviates acute DSS-induced colitis in 
mice. Even though we chose relatively low doses of orally 
administered EMPA, the dose of 1 mg/kg was more effective 
than 5 mg/kg. Such dose is approximate to a median effec-
tive dose of EMPA in mice (ED50 = 1.2 mg/kg), which was 
estimated by urinary glucose secretion (Michel et al. 2015). 
This observation suggests that partial inhibition of SGLT-2 
might lead to better therapeutic effects than its saturation. 
We also found that orally administered 1 mg/kg of EMPA 
reduced macro- and microscopic colonic damage, as well 
as partially prevented from decreased expression of TJPs 
playing key role in intestinal barrier integrity. Moreover, 
EMPA attenuated biochemical inflammatory parameters 
including reduced activity of MPO, which is an oxidative 
enzyme produced primarily by neutrophils. This observation 
together with the results of in vitro experiments on mac-
rophages suggest that gliflozins alleviate GI inflammation 
and should be considered in the treatment of patients with 
IBD and diabetes. We propose that anti-inflammatory prop-
erties of gliflozins result from their potent effects on innate 
immune cells. Moreover, we observed a stronger anti-inflam-
matory effect of empagliflozin in the acute colitis than in the 
chronic-relapsing model. This may be related to the different 
profiles of immune cells in the intestinal tissue depending 
on the degree of its inflammation. A study on trinitroben-
zene sulfonic acid (TNBS)-induced colitis showed signifi-
cantly increased innate immune responses in acute colitis as 
compared to colitis reactivated after remission. The colonic 
samples obtained from mice with acute colitis were charac-
terized by higher macrophage infiltration and MPO activity, 
whereas infiltration of CD4 + lymphocytes was substantially 
lower than in reactivated, chronic colitis (Campaniello et al. 
2017). In another mouse study, significant alterations in the 
number and distribution of lymphocytes were observed in 
the murine spleen, liver, and peripheral blood during the 
acute phase of DSS-induced colitis (Detel et al. 2016).Simi-
larly, significant difference in the immune landscape was 

Fig. 9   Effect of EMPA on pro-inflammatory cytokines gene expression 
in the colon of mice with acute DSS-induced colitis. EMPA was orally 
administered at two doses: 0.3  mg/kg or 1  mg/kg once daily (on days 
10–27). Figure shows data for TNFα (A), IL-1β (B), and IL-6 (C) pre-
sented in relative units compared to control. Values are mean ± SEM, of 
8–10 mice per group
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observed in a human study on UC individuals (Penrose et al. 
2021).

The decrease in colonic level of MPO, and more gener-
ally an antioxidant effects of EMPA and DAPA were shown 

in two rat studies in DSS and AA-induced colitis, respec-
tively (El-Rous et al. 2021; Youssef et al. 2021). In men-
tioned studies, anti-inflammatory properties of gliflozins 
were manifested by the reduction of disease activity indexes 

Fig. 10   Representative micro-
graphs of hematoxylin and 
eosin-stained sections of distal 
colon in chronic-relapsing DSS-
induced colitis. Figure shows 
data for A Control, B DSS, C 
DSS + 0.3 mg/kg EMPA, D 
DSS + 1 mg/kg EMPA, and 
microscopic total damage score 
(E). Scale bar = 50 µm. Values 
are mean ± SEM, of 8–10 
mice per group. Significance 
of differences between means: 
###p < 0.001 versus control 
group, ***p < 0.001 versus 
DSS-treated group. 1 Goblet 
cell, 2 mucosal layer, 3 cellular 
infiltration
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(DAIs), colon weight/length ratios, as well as macro- and 
microscopic damage scores. The use of EMPA and DAPA 
decreased expression of inflammatory cytokines. Addi-
tionally, EMPA prevented from DSS-induced changes in 
the expression of TJPs. Both studies indicated a possible 
mechanism underlying anti-inflammatory properties of 
SGLT-2 inhibitors. It involves phosphorylation of adenosine 
monophosphate (AMP)-activated protein kinase (AMPK) 
and subsequent downregulation of mammalian target of 
rapamycin (mTOR) and NOD-like receptor family pyrin 
domain-containing 3 (NLRP3). The activity of mTOR/
NLRP3 inflammasome axis aggravates inflammation, which 
is a result of numerous processes including the promotion of 
differentiation of Th1 and Th17 immune cells.

Another study demonstrating anti-inflammatory effect 
of EMPA in AA-induced colitis in rats was performed by 
Zaghloul et al. (2022). Therapy with EMPA resulted in 
significant decrease of DAI, colon weight, weight/length 
ratio, and microscopic damage score. Considering bio-
chemical parameters, EMPA significantly decreased serum 
lactate dehydrogenase (LDH) activity and CRP level, 
and restored colon redox balance biomarkers. Moreo-
ver, EMPA decreased colonic levels of TNFα, IL-1β, and 
IL-6, as well as increased the levels of TJP maintaining 
intestinal integrity. The study suggests another mecha-
nism responsible for anti-inflammatory effects of SGLT-2 
inhibitors. EMPA prevented from downregulation of silent 
information regulator-1 (SIRT-1) and following overac-
tivity of NF-κB caused by AA. SIRT-1 is a deacetylase 
taking part in many processes, including regulation of 
inflammatory responses. There is a large evidence that 
optimal activity of SIRT-1 suppresses the hyperacetyla-
tion of NF-κB, which is an beneficial effect alleviating 
inflammation in IBD (Devi et al. 2020).

Conclusions

Our study is another premise that SGLT-2 inhibitors act 
as anti-inflammatory agents independently from their 
hypoglycemic effects. Currently, the exact mechanisms 
explaining this beneficial property of SGLT-2 inhibitors 
are not fully understood. In the present study, we showed 
that such a mechanism may involve the influence of gli-
flozins on immune cells. We observed that EMPA and 
DAPA significantly attenuated inflammatory response in 
RAW264.7 macrophages in vitro. Moreover, we revealed 
anti-inflammatory activity of EMPA in in vivo model of 
acute colitis, in which the therapy resulted in the decrease 
of MPO activity. Our results suggest that the use of gli-
flozins may display some beneficial effects in the GI tract. 
Furthermore, SGLT-2 inhibitors may be considered in 

the development of new supplementary therapies for IBD 
patients. Future studies on this field are needed.

Author contributions  Conceptualization: AM, JF and MS; method-
ology: AM and MS; formal analysis: AM; investigation: AM, MŚ, 
KP, BS, MS; resources: RK; writing—original draft preparation: AM; 
writing—review and editing: AM, MŚ, KP, BS, RK, JF and MS; super-
vision: MS; funding acquisition: AM, JF. All authors have read and 
agreed to the published version of the manuscript.

Funding  This research was funded by the Medical University of Lodz 
(564/1-000-00/564-20-046 to A.M. and 503/1-156-04/503-11-001-19-
00 to JF).

Data availability  The data presented in this study are available on 
request from the corresponding author.

Declarations 

Conflict of interest  The authors declare no conflict of interest.

Human and animal rights  The animal study protocol was approved by 
the Local Animal Care Committee (protocol 38/ŁB177/2020 approved 
on 20 July 2020).

Informed consent  Not applicable.

Open Access  This article is licensed under a Creative Commons Attri-
bution 4.0 International License, which permits use, sharing, adapta-
tion, distribution and reproduction in any medium or format, as long 
as you give appropriate credit to the original author(s) and the source, 
provide a link to the Creative Commons licence, and indicate if changes 
were made. The images or other third party material in this article are 
included in the article's Creative Commons licence, unless indicated 
otherwise in a credit line to the material. If material is not included in 
the article's Creative Commons licence and your intended use is not 
permitted by statutory regulation or exceeds the permitted use, you will 
need to obtain permission directly from the copyright holder. To view a 
copy of this licence, visit http://​creat​iveco​mmons.​org/​licen​ses/​by/4.​0/.

References

Abdollahi E, Keyhanfar F, Delbandi A-A et al (2022) Dapagliflozin 
exerts anti-inflammatory effects via inhibition of LPS-induced 
TLR-4 overexpression and NF-κB activation in human endothe-
lial cells and differentiated macrophages. Eur J Pharmacol 
918:174715. https://​doi.​org/​10.​1016/j.​ejphar.​2021.​174715

Ağagündüz D, Cocozza E, Cemali Ö et al (2023) Understanding the 
role of the gut microbiome in gastrointestinal cancer: a review. 
Front Pharmacol 14:1130562. https://​doi.​org/​10.​3389/​fphar.​2023.​
11305​62

Ananthakrishnan AN (2015) Epidemiology and risk factors for IBD. 
Nat Rev Gastroenterol Hepatol 12:205–217. https://​doi.​org/​10.​
1038/​nrgas​tro.​2015.​34

Arthur S, Coon S, Kekuda R, Sundaram U (2014) Regulation of sodium 
glucose co-transporter SGLT1 through altered glycosylation in the 
intestinal epithelial cells. Biochim Biophys Acta 1838:1208–1214. 
https://​doi.​org/​10.​1016/j.​bbamem.​2014.​01.​002

Campaniello MA, Mavrangelos C, Eade S et al (2017) Acute colitis 
chronically alters immune infiltration mechanisms and sensory 

http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1016/j.ejphar.2021.174715
https://doi.org/10.3389/fphar.2023.1130562
https://doi.org/10.3389/fphar.2023.1130562
https://doi.org/10.1038/nrgastro.2015.34
https://doi.org/10.1038/nrgastro.2015.34
https://doi.org/10.1016/j.bbamem.2014.01.002


392	 A. Makaro et al.

1 3

neuro-immune interactions. Brain Behav Immun 60:319–332. 
https://​doi.​org/​10.​1016/j.​bbi.​2016.​11.​015

Chassaing B, Aitken JD, Malleshappa M, Vijay-Kumar M (2014) Dex-
tran sulfate sodium (DSS)-induced colitis in mice. Curr Protoc 
Immunol. https://​doi.​org/​10.​1002/​04711​42735.​im152​5s104

Detel D, Buljevic S, Pucar LB et al (2016) Influence of CD26/dipepti-
dyl peptidase IV deficiency on immunophenotypic changes during 
colitis development and resolution. J Physiol Biochem 72:405–
419. https://​doi.​org/​10.​1007/​s13105-​016-​0491-7

Devi K, Singh N, Jaggi AS (2020) Dual role of sirtuin 1 in inflamma-
tory bowel disease. Immunopharmacol Immunotoxicol 42:385–
391. https://​doi.​org/​10.​1080/​08923​973.​2020.​17905​95

El-Rous MA, Saber S, Raafat EM, Ahmed AAE (2021) Dapagliflozin, 
an SGLT2 inhibitor, ameliorates acetic acid-induced colitis in rats 
by targeting NFκB/AMPK/NLRP3 axis. Inflammopharmacology 
29:1169–1185. https://​doi.​org/​10.​1007/​s10787-​021-​00818-7

Hattori S (2018) Anti-inflammatory effects of empagliflozin in patients 
with type 2 diabetes and insulin resistance. Diabetol Metab Syndr 
10:93. https://​doi.​org/​10.​1186/​s13098-​018-​0395-5

Heerspink HJL, Perco P, Mulder S et  al (2019) Canagliflozin 
reduces inflammation and fibrosis biomarkers: a potential 
mechanism of action for beneficial effects of SGLT2 inhibi-
tors in diabetic kidney disease. Diabetologia 62:1154–1166. 
https://​doi.​org/​10.​1007/​s00125-​019-​4859-4

Hollebeeck S, Raas T, Piront N et  al (2011) Dimethyl sulfoxide 
(DMSO) attenuates the inflammatory response in the in vitro 
intestinal Caco-2 cell model. Toxicol Lett 206:268–275. https://​
doi.​org/​10.​1016/j.​toxlet.​2011.​08.​010

Jurjus A, Eid A, Al Kattar S et al (2016) Inflammatory bowel disease, 
colorectal cancer and type 2 diabetes mellitus: the links. BBA Clin 
5:16–24. https://​doi.​org/​10.​1016/j.​bbacli.​2015.​11.​002

Kamalian A, SohrabiAsl M, Dolatshahi M et al (2020) Interventions 
of natural and synthetic agents in inflammatory bowel disease, 
modulation of nitric oxide pathways. World J Gastroenterol 
26:3365–3400. https://​doi.​org/​10.​3748/​wjg.​v26.​i24.​3365

Kang Y, Zhan F, He M et al (2020) Anti-inflammatory effects of 
sodium-glucose co-transporter 2 inhibitors on atherosclerosis. 
Vascul Pharmacol 133–134:106779. https://​doi.​org/​10.​1016/j.​
vph.​2020.​106779

Kipp H, Khoursandi S, Scharlau D, Kinne RKH (2003) More than 
apical: distribution of SGLT1 in Caco-2 cells. Am J Physiol Cell 
Physiol 285:C737–C749. https://​doi.​org/​10.​1152/​ajpce​ll.​00041.​
2003

Lanas A (2008) Role of nitric oxide in the gastrointestinal tract. Arthri-
tis Res Ther 10(Suppl 2):S4. https://​doi.​org/​10.​1186/​ar2465

Lee N, Heo YJ, Choi S-E et al (2021) Anti-inflammatory effects of 
empagliflozin and gemigliptin on LPS-stimulated macrophage 
via the IKK/NF-κB, MKK7/JNK, and JAK2/STAT1 signalling 
pathways. J Immunol Res 2021:9944880. https://​doi.​org/​10.​1155/​
2021/​99448​80

Liu Y, Wu M, Xu B, Kang L (2021) Empagliflozin alleviates ath-
erosclerosis progression by inhibiting inflammation and sympa-
thetic activity in a normoglycemic mouse model. J Inflamm Res 
14:2277–2287. https://​doi.​org/​10.​2147/​JIR.​S3094​27

Mancini SJ, Boyd D, Katwan OJ et al (2018) Canagliflozin inhibits 
interleukin-1β-stimulated cytokine and chemokine secretion 
in vascular endothelial cells by AMP-activated protein kinase-
dependent and -independent mechanisms. Sci Rep 8:5276. https://​
doi.​org/​10.​1038/​s41598-​018-​23420-4

Michel MC, Mayoux E, Vallon V (2015) A comprehensive review 
of the pharmacodynamics of the SGLT2 inhibitor empagliflozin 
in animals and humans. Naunyn Schmiedebergs Arch Pharmacol 
388:801–816. https://​doi.​org/​10.​1007/​s00210-​015-​1134-1

Morsy MA, Khalaf HM, Rifaai RA et al (2021) Canagliflozin, an 
SGLT-2 inhibitor, ameliorates acetic acid-induced colitis in rats 

through targeting glucose metabolism and inhibiting NOX2. 
Biomed Pharmacother 141:111902. https://​doi.​org/​10.​1016/j.​
biopha.​2021.​111902

Palaniappan B, Sundaram S, Arthur S et al (2020) Inducible nitric 
oxide regulates Na-glucose Co-transport in a spontaneous 
SAMP1/YitFc mouse model of chronic ileitis. Nutrients. https://​
doi.​org/​10.​3390/​nu121​03116

Penrose HM, Iftikhar R, Collins ME et al (2021) Ulcerative colitis 
immune cell landscapes and differentially expressed gene sig-
natures determine novel regulators and predict clinical response 
to biologic therapy. Sci Rep 11:9010. https://​doi.​org/​10.​1038/​
s41598-​021-​88489-w

Salaga M, Mokrowiecka A, Zielinska M et al (2017) New peptide 
inhibitor of dipeptidyl peptidase IV, EMDB-1 extends the half-life 
of GLP-2 and attenuates colitis in mice after topical administra-
tion. J Pharmacol Exp Ther 363:92–103. https://​doi.​org/​10.​1124/​
jpet.​117.​242586

Salaga M, Bartoszek A, Binienda A et al (2021) Activation of free 
fatty acid receptor 4 affects intestinal inflammation and improves 
colon permeability in mice. Nutrients. https://​doi.​org/​10.​3390/​
nu130​82716

Sokolov V, Yakovleva T, Chu L et al (2020) Differentiating the sodium-
glucose cotransporter 1 inhibition capacity of canagliflozin vs. 
dapagliflozin and empagliflozin using quantitative systems phar-
macology modeling. CPT Pharmacomet Syst Pharmacol 9:222–
229. https://​doi.​org/​10.​1002/​psp4.​12498

Strik AS, Bots SJA, D’Haens G, Löwenberg M (2016) Optimization 
of anti-TNF therapy in patients with inflammatory bowel disease. 
Expert Rev Clin Pharmacol 9:429–439. https://​doi.​org/​10.​1586/​
17512​433.​2016.​11332​88

Uthman L, Kuschma M, Römer G et al (2021) Novel anti-inflamma-
tory effects of canagliflozin involving hexokinase II in lipopoly-
saccharide-stimulated human coronary artery endothelial cells. 
Cardiovasc Drugs Ther 35:1083–1094. https://​doi.​org/​10.​1007/​
s10557-​020-​07083-w

Van De Walle J, Hendrickx A, Romier B et al (2010) Inflammatory 
parameters in Caco-2 cells: effect of stimuli nature, concentration, 
combination and cell differentiation. Toxicol in Vitro 24:1441–
1449. https://​doi.​org/​10.​1016/j.​tiv.​2010.​04.​002

Xu C, Wang W, Zhong J et al (2018) Canagliflozin exerts anti-inflam-
matory effects by inhibiting intracellular glucose metabolism 
and promoting autophagy in immune cells. Biochem Pharmacol 
152:45–59. https://​doi.​org/​10.​1016/j.​bcp.​2018.​03.​013

Yamada T, Wakabayashi M, Bhalla A et  al (2021) Cardiovascu-
lar and renal outcomes with SGLT-2 inhibitors versus GLP-1 
receptor agonists in patients with type 2 diabetes mellitus and 
chronic kidney disease: a systematic review and network meta-
analysis. Cardiovasc Diabetol 20:14. https://​doi.​org/​10.​1186/​
s12933-​020-​01197-z

Youssef ME, Abd El-Fattah EE, Abdelhamid AM et al (2021) Interfer-
ence with the AMPKα/mTOR/NLRP3 signaling and the IL-23/
IL-17 axis effectively protects against the dextran sulfate sodium 
intoxication in rats: a new paradigm in empagliflozin and met-
formin reprofiling for the management of ulcerative colitis. Front 
Pharmacol 12:719984. https://​doi.​org/​10.​3389/​fphar.​2021.​719984

Zaghloul MS, Elshal M, Abdelmageed ME (2022) Preventive empa-
gliflozin activity on acute acetic acid-induced ulcerative colitis in 
rats via modulation of SIRT-1/PI3K/AKT pathway and improving 
colon barrier. Environ Toxicol Pharmacol 91:103833. https://​doi.​
org/​10.​1016/j.​etap.​2022.​103833

Publisher's Note  Springer Nature remains neutral with regard to 
jurisdictional claims in published maps and institutional affiliations.

https://doi.org/10.1016/j.bbi.2016.11.015
https://doi.org/10.1002/0471142735.im1525s104
https://doi.org/10.1007/s13105-016-0491-7
https://doi.org/10.1080/08923973.2020.1790595
https://doi.org/10.1007/s10787-021-00818-7
https://doi.org/10.1186/s13098-018-0395-5
https://doi.org/10.1007/s00125-019-4859-4
https://doi.org/10.1016/j.toxlet.2011.08.010
https://doi.org/10.1016/j.toxlet.2011.08.010
https://doi.org/10.1016/j.bbacli.2015.11.002
https://doi.org/10.3748/wjg.v26.i24.3365
https://doi.org/10.1016/j.vph.2020.106779
https://doi.org/10.1016/j.vph.2020.106779
https://doi.org/10.1152/ajpcell.00041.2003
https://doi.org/10.1152/ajpcell.00041.2003
https://doi.org/10.1186/ar2465
https://doi.org/10.1155/2021/9944880
https://doi.org/10.1155/2021/9944880
https://doi.org/10.2147/JIR.S309427
https://doi.org/10.1038/s41598-018-23420-4
https://doi.org/10.1038/s41598-018-23420-4
https://doi.org/10.1007/s00210-015-1134-1
https://doi.org/10.1016/j.biopha.2021.111902
https://doi.org/10.1016/j.biopha.2021.111902
https://doi.org/10.3390/nu12103116
https://doi.org/10.3390/nu12103116
https://doi.org/10.1038/s41598-021-88489-w
https://doi.org/10.1038/s41598-021-88489-w
https://doi.org/10.1124/jpet.117.242586
https://doi.org/10.1124/jpet.117.242586
https://doi.org/10.3390/nu13082716
https://doi.org/10.3390/nu13082716
https://doi.org/10.1002/psp4.12498
https://doi.org/10.1586/17512433.2016.1133288
https://doi.org/10.1586/17512433.2016.1133288
https://doi.org/10.1007/s10557-020-07083-w
https://doi.org/10.1007/s10557-020-07083-w
https://doi.org/10.1016/j.tiv.2010.04.002
https://doi.org/10.1016/j.bcp.2018.03.013
https://doi.org/10.1186/s12933-020-01197-z
https://doi.org/10.1186/s12933-020-01197-z
https://doi.org/10.3389/fphar.2021.719984
https://doi.org/10.1016/j.etap.2022.103833
https://doi.org/10.1016/j.etap.2022.103833

	Empagliflozin attenuates intestinal inflammation through suppression of nitric oxide synthesis and myeloperoxidase activity in in vitro and in vivo models of colitis
	Abstract
	Introduction
	Materials and methods
	Cell line culture
	Cytotoxicity assessment
	Griess assay
	In vitro model of LPS-induced inflammation
	In vitro model of cytokine and LPS-induced inflammation
	Animals
	Acute and chronic-relapsing models of DSS-induced colitis
	Pharmacological treatment
	Evaluation of colonic damage
	Determination of tissue myeloperoxidase (MPO) activity
	Histopathological evaluation
	RNA isolation, reverse transcription and qPCR
	Statistics

	Results
	Effect of gliflozins on cellular viability, LPS-stimulated NO production and mRNA ex-pression of TNFα, IL-1β, IL-6 and IL-10 in RAW264.7 macrophages
	Effect of EMPA and DAPA on inflammatory response in cytokine and LPS-stimulated Caco-2 cells
	Effect of EMPA on the acute model of DSS-induced colitis in mice
	Effect of EMPA on the chronic-relapsing model of DSS-induced colitis in mice

	Discussion
	Conclusions
	References




