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Abstract
Background  Inflammatory bowel diseases (IBD) are multifactorial disorders affecting millions of people worldwide with 
alarmingly increasing incidences every year. Dysfunction of the intestinal epithelial barrier is associated with IBD patho-
genesis, and therapies include anti-inflammatory drugs that enhance intestinal barrier function. However, these drugs often 
have adverse side effects thus warranting the search for alternatives. Compatible solutes such as bacterial ectoines stabilize 
cell membranes and proteins.
Aim  To unravel whether ectoine (1,4,5,6-tetrahydro-2-methyl-4-pyrimidinecarboxylic acid) and homoectoine (4,5,6,7-tet-
rahydro-2-methyl-1H-(1,3)-diazepine-4-carboxylic acid), a synthetic derivative of ectoine, have beneficial effects during 
dextran sulfate sodium (DSS)-induced colitis in mice.
Methods/Results  We found that the disease activity index was significantly reduced by both ectoines. DSS-induced edema 
formation, epithelial permeability, leukocyte recruitment and tissue damage were reduced by ectoine and homoectoine, with 
the latter having stronger effects. Interestingly, the claudin switch usually observed during colitis (decreased expression of 
claudin-1 and increased expression of the leaky claudin-2) was completely prevented by homoectoine, whereas ectoine only 
reduced claudin-2 expression. Concomitantly, only homoectoine ameliorated the drop in transepithelial electrical resist-
ance induced by IFN-γ and TNF-α in Caco-2 cells. Both ectoines inhibited loss of ZO-1 and occludin and prevented IFN-γ/
TNF-α-induced increased paracellular flux of 4 kDa FITC-dextran in vitro. Moreover, both ectoines reduced expression of 
pro-inflammatory cytokines and oxidative stress during colitis.
Conclusion  While both ectoine and homoectoine have protective effects on the epithelial barrier during inflammation, only 
homoectoine completely prevented the inflammatory claudin switch in tight junctions. Thus, homoectoine may serve as diet 
supplement in IBD patients to reach or extend remission.
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Introduction

Inflammatory bowel diseases (IBD) are complex inflamma-
tory disorders of the intestines comprising ulcerative colitis 
(UC) and Crohn’s disease (CD). CD causes a transmural 
inflammation, affects any part of the gastrointestinal tract 
in a discontinuous pattern, and is associated with complica-
tions like granulomas, fistulas and strictures. UC is a con-
fined inflammation of the colonic mucosa affecting mainly 
the rectum and the distal colon in a continuous manner [1, 
2]. In both forms of IBD, a chronic and recurrent inflamma-
tion is caused in part by an uncontrolled immune response to 
the antigens of the intestinal microflora [1]. The specific eti-
ology is still unknown, but it is commonly accepted that IBD 
has multifactorial causes including epithelial barrier disrup-
tion. The intestinal epithelial barrier controls the passage of 
nutrients, water and electrolytes, meanwhile impeding the 
passage of pathogens and toxins. It is composed of a layer 
of mucins produced by specialized epithelial cells termed 
goblet cells; and the epithelium itself which is formed by a 
monolayer of epithelial cells sealed between adjacent epi-
thelial cells by the apical junction complex (AJC). The AJC 
regulates the passage of ions and macromolecules [3] and 
is therefore critical for controlling intestinal permeability, 
which is increased in IBD. While increased permeability is 
not sufficient to induce colitis [4], it can significantly aggra-
vate the symptoms of IBD patients. Currently, therapies 
exist that aim at ameliorating the inflammatory response, 
balancing the microbiota or suppressing the proliferation of 
immune cells [5]. Unfortunately, many of the drugs cause 
severe adverse effects such as metabolic syndrome in the 
case of corticosteroids, and increased risk of opportunistic 
infections with TNF-α antibodies [6]. Thus, the search for 
alternative approaches is a priority.

Ectoine (1,4,5,6-tetrahydro-2-methyl-4-pyrimidinecar-
boxylic acid, Fig. 1a) is a compatible solute produced by 
extremophilic microorganisms that accumulate it in the 
cytoplasm to protect their biomolecules from denaturation 
caused by the extreme environments in which they live [7]. 

It maintains the integrity of proteins, membranes, nucleic 
acids as well as whole cells by stabilizing the hydration 
shell of biomolecules without interfering with essential 
cellular processes and metabolism [8, 9]. Ectoine has an 
anti-inflammatory effect in the skin damaged by UV-light 
by preventing the release of ceramides which activate the 
transcription factor AP-2 and expression of pro-inflamma-
tory genes [10]. In the lung, ectoine ameliorates inflam-
mation induced by carbon nanoparticles by reducing the 
number of recruited neutrophils and the production of pro-
inflammatory cytokines [11]. Ectoine has also protective 
effects during experimental colitis in rats; however, the 
underlying mechanisms still remain elusive [12]. Homoe-
ctoine (4,5,6,7-tetrahydro-2-methyl-1H-(1,3)-diazepine-
4-carboxylic acid, Fig. 1b) is a synthetic ectoine derivative 
that has stronger stabilizing effects on nucleic acids and 
polymerases compared to ectoine [13]. However, potential 
protective effects of homoectoine in other systems have 
not been studied.

In this study, we analyzed the effects of ectoine and 
homoectoine on the maintenance of intestinal epithelial 
barrier integrity during DSS-induced colitis. We demon-
strate that these compounds ameliorate DSS-induced intes-
tinal epithelial barrier dysfunction by stabilizing junction 
architecture, and by decreasing inflammation, leukocyte 
infiltration and oxidative stress.

Methods

Reagents and Antibodies

Dextran sulfate sodium (DSS; 40–50 kDa) was purchased 
from Affymetrix (Cleveland, OH). Ectoine was extracted 
and purified from Halomonas elongata DSM 2581 by bac-
terial milking as previously described [14]. Homoectoine 
was chemically synthesized from l-ornithine according 
to published protocols [15]. Occult bleeding was ana-
lyzed using the ColoScreen kit (Helena Laboratories, 
TX) according to the manufacturer’s instructions. The 
following antibodies were used: anti-ZO-1, anti-occludin, 
anti-claudin-1, anti-claudin-2, Alexa Fluor secondary anti-
bodies (Thermo Fisher, Mexico City), anti-E-cadherin and 
anti-β-catenin (Santa Cruz Biotechnologies, Santa Cruz, 
CA).

Cell Culture

The human epithelial colorectal adenocarcinoma cell line 
Caco-2 was obtained from ATCC (Manassas, VA) and cul-
tured according to the provided protocols.

Fig. 1   Chemical structure of the compatible solutes. a Ectoine 
(1,4,5,6-tetrahydro-2-methyl-4-pyrimidinecarboxylic acid) and b 
Homoectoine ((S)-4,5,6,7-tetrahydro-2-methyl-1H-(1, 3)-diazepine-
4-carboxylic acid)
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Transepithelial Electrical Resistance (TEER) 
and FITC‑Dextran Paracellular Flux Measurements

Caco-2 cells were cultured on 0.4-µm pore size transwell 
filters (Corning, Monterrey, Mexico). TEER was measured 
every 24 h for 7 days using a Millicell-ERS2 Volt-Ohm 
Meter (Millicell ERS; Millipore Co., Bedford, MA). Once 
confluent, cells were incubated in the presence or absence 
of homoectoine or ectoine (1 mM), in both upper and lower 
transwell chambers, in parallel to IFN-γ (100U/ml) and 
TNF-α (5 nM) administration.

For paracellular flux measurements, 10 µl of 4 kDa FITC-
Dextran (10 µg/µl) was added to the apical compartment 
of monolayers when differences in TEER were measured. 
After 24 h, 100 µl of the basolateral medium was collected, 
replaced with 100 µl fresh medium and the fluorescence 
was measured at an excitation/emission wavelength of 
492/520 nm.

Mice, DSS‑Colitis and Treatment

Adult male C57BL/6 mice, weighing 20–25 g were used 
in colitis experiments. All experiments have been approved 
by the Institutional Animal Care and Use Committee of 
Cinvestav. All animals had ad libitum access to standard 
pellet diet and water over the entire experimental period of 
7 days. The colitis group received 3.5% DSS in drinking 
water. The colitis + treatment groups were gavage-fed once 
daily with 100 mg/kg homoectoine or ectoine in water as 
previous studies have shown that this dose was the most 
efficient to ameliorate inflammation [16]. The control + treat-
ment groups received normal drinking water and the same 
daily dose of homoectoine or ectoine. The disease activity 
index (DAI) consisting of weight loss, stool consistency and 
intestinal bleeding was determined daily as described [17]. 
After 7 days, animals were sacrificed by cervical dislocation; 
colons were removed, measured and then used in further 
experiments.

In Vivo Intestinal Epithelial Permeability

Animals were anaesthetized by intraperitoneal injection 
of ketamine/xylazine (100 mg/kg and 13 mg/kg of body 
weight, respectively) in 0.9% saline solution. A laparotomy 
was performed; the colon was exposed and a small poly-
ethylene tube (G22) was inserted into the colon ascendens 
immediately adjacent to the cecum. The colon was cleaned 
thoroughly with PBS followed by instillation of 1.5% Evans 
blue (960.81 g/mol (Dalton)) solution and incubation for 
15  min. Mice were euthanized by cervical dislocation, 
colons removed, rinsed with abundant PBS and washed with 
1 ml of 6 mM N-acetylcysteine in PBS to eliminate excess 
dye. Colon was weighted, and leaked dye was extracted 

overnight at RT in 2 ml of N,N dimethylformamide. Dye 
concentration in the supernatant was determined spectro-
photometrically at 610 nm.

Histology

Colon cross-sections embedded in Tissue-Tek O.C.T. Com-
pound (Sakura, Torrance, CA) and mounted on glass slides 
were stained with hematoxylin and eosin using standard pro-
tocols. Histological inflammation score was determined by 
degree of inflammation, extent of inflammation and crypt 
damage in relation to the percentage of epithelium involved 
in each slide as previously reported [17].

Immunofluorescence Staining

Colon cryo-sections were mounted on glass slides, fixed 
in 100% ethanol for 30 min at − 20 °C, washed with PBS, 
and blocked at 4 °C overnight in 1X PBS containing 0.01% 
Tween and 2% bovine serum albumin (BSA, Sigma-
Aldrich). Colon sections were incubated overnight at 4 °C 
in primary antibodies diluted in PBS. Slides were washed 
and then incubated for 2 h with Alexa Fluor 488-labeled 
species-specific secondary antibodies. Cover slips were 
mounted in ProLong Gold Antifade Mountant with DAPI 
(Thermo Fisher Scientific) and analyzed using a confocal 
laser microscope (Leica TCS SPE, Leica Microsystems, 
Germany).

Fluorescence Microscopy of Oxidative Stress

Colon cryo-sections on glass slides were incubated with 
5 µM dihydroethidium (DHE, Life Technologies, Grand 
Island, NY) in water at 37 °C for 30 min in the dark as pre-
viously described [18]. Fluorescence of oxidized ethidium 
was determined using a laser confocal microscope.

RT‑PCR

Total RNA was isolated from colon tissues of three independ-
ent mice per group using Trizol reagent (Invitrogen, Carlsbad, 
CA) according to the manufacturer’s instructions. RNA was 
subsequently purified by LiCl precipitation to remove DSS 
[19]. cDNA was synthetized using Superscript II reverse tran-
scriptase and oligo-(dT12–18) primers (Invitrogen). PCR was 
performed independently on all samples (n = 3 per group) 
using Taq-DNA polymerase (Roche, Indianapolis, IN) on a 
Veriti 96-well thermal cycler (Applied Biosystems, Mexico 
City, Mexico). The following primers were used: KC-FW: 
5′–TGT​CAG​TGC​CTG​CAG​ACC​AT–3´ and KC-RV: 5′–CCT​
GAG​GGC​AAC​ACC​TTC​A–3´; IL1β-FW: 5´-GCA​ACT​GTT​
CCT​GAA​CTC​AACT– 3´and IL1β-RV: 5´-TCT​TTT​GGG​
GTC​CGT​CAA​CT–3´; IL10-FW: 5´-ACT​GCA​CCC​ACT​
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TCC​CAG​T – 3´ and IL10-RV: 5´-TGT​CCA​GCT​GGT​CCT​
TTG​TT–3´; IFNγ-FW 5´-TCA​AGT​GGC​ATA​GAT​GTG​
GAA–3´ and IFNγ-RV 5´-TGG​CTC​TGC​AGG​ATT​TTC​
ATG–3´; TNFα-FW 5´-ACG​GCA​TGG​ATC​TCA​AAG​AC-3´ 
and TNFα-RV 5´-AGA​TAG​CAA​ATC​GGC​TGA​CG-3´; 
βactin-FW 5´-TAT​CCA​CCT​TCC​AGC​AGA​TGT-3´ and 
βactin-RV 5´-AGC​TCA​GTA​ACA​GTC​CGC​CTA-3´; Mucin-
2-FW: 5´-ACC​TGG​AAG​GCC​CAA​TCA​AG-3´; Mucin-2-RV: 
5´-CAG​CGT​AGT​TGG​CAC​TCT​CA-3´. PCR conditions for 
KC and IL-1β were: 94 °C for 2 min, 30 cycles of 94 °C for 
30 s, 55 °C for 30 s, 72 °C for 30 s, and a final extension at 
72 °C for 10 min. PCR conditions for IFN-γ, TNF-α, IL-10 
and MUC2 were: 94 °C for 2 min, 35 cycles of 94 °C for 30 s, 
55 °C for 30 s, 72 °C for 30 s, and a final extension at 72 °C for 
10 min. Amplicons were analyzed by 1.5% agarose gel elec-
trophoresis, and shown in an inverted black-and-white manner 
(Fig. 6a, representative images are show). Quantification of 
band pixel intensities was performed using ImageJ software, 
and statistical analysis was performed using GraphPad Prism 
software v5.0 software.

Western Blot

RIPA tissue lysates were separated in 8% SDS-PAGE (15% in 
case of claudins) for 2 h at 120 V and transferred to a nitro-
cellulose membrane. Membranes were blocked with TBST 
containing 5% skim milk for 1 h at room temperature and incu-
bated overnight in primary antibodies at 4 °C with gentle agi-
tation. Membranes were washed with TBST 3 times for 10 min 
each and incubated with species-specific secondary antibodies 
conjugated to horseradish-peroxidase for 1 h at room tempera-
ture with gentle agitation. After another 3 washes for 10 min 
each, signals were developed using SuperSignal West Pico 
(ThermoFisher Scientific) and imaged on a ChemiDoc (Bio-
Rad). Pixel density was quantified using ImageJ software.

Statistics

Data are represented as the mean ± standard error (SEM) 
or standard deviation (SDM) of the mean. The significance 
between groups was assessed by Student’s t test or ANOVA 
where appropriate. Analysis was performed using GraphPad 
Prism software v5.0. Values of probability (P) < 0.05 were 
considered statistically significant.

Results

Homoectoine and Ectoine Attenuate DSS‑Induced 
Colitis

Ectoine is a compatible solute with anti-inflammatory prop-
erties in different in vitro and in vivo models [10, 16, 20, 

21]. Homoectoine is a synthetic derivate whose properties 
are still largely unknown. Thus, we tested whether homoe-
ctoine and ectoine had similar effects on the clinical pro-
gression of colitis. Mice suffering from acute colitis present 
three characteristic clinical signs: severe diarrhea, intestinal 
bleeding and significant weight loss that can be determined 
as disease activity index (DAI) [17]. As expected, admin-
istration of ectoine and homoectoine alone did not affect 
any of the investigated parameters (Fig. 2), with the score 
remaining at 0 during the entire course of the experiment 
in the untreated control group. By contrast, mice receiving 
DSS had a progressive DAI increase reaching a maximum 
score of 11.09 ± 0.61 after seven days. Both homoectoine 
and ectoine significantly reduced the DAI beginning 5 days 
after DSS treatment. However, we observed stronger protec-
tive effects on intestinal bleeding (Fig. 2b) and stool consist-
ency (Fig. 2c) than on weight loss (Fig. 2d).

Homoectoine and Ectoine Reduce DSS‑Induced 
Edema Formation, Leukocyte Influx, Permeability 
and Tissue Damage

We analyzed tissue morphology by hematoxylin and eosin 
staining of colon cross-sections to determine how homoec-
toine and ectoine protect against colitis progression. Homoe-
ctoine and ectoine treatment alone did not affect tissue mor-
phology (data not shown). Mice with DSS-colitis showed 
severe edema formation, leukocyte infiltration, apical ero-
sion and loss of intestinal crypts (Fig. 3a). Homoectoine 
and ectoine-treated colitic mice only showed moderate tis-
sue damage with the surface epithelium remaining largely 
intact (Fig. 3a). Intestinal crypt shortening was strongly 
reduced, and edema formation was completely prevented. 
However, some areas with leukocyte infiltration could still 
be observed. Furthermore, a high proportion of goblet cells 
were observed in the colon of mice co-treated with homoe-
ctoine and ectoine, despite the induction of acute colitis 
which usually reduces the number of goblet cells [22].

A histological inflammation score was obtained by deter-
mining the degree of inflammation, inflammation extent and 
crypt damage as previously reported [17]. Both compatible 
solutes significantly reduced the histological inflammation 
score (Table 1). Interestingly, homoectoine reduced inflam-
mation and the extent of inflammation and crypt damage 
more efficiently than ectoine.

Given the observed beneficial effects on colon histology, 
we analyzed the shortening of the entire colon, which is 
also a characteristic feature of colitis caused by submucosal 
edema and muscularis hypertrophy. Compared with the 
healthy group, colons of DSS-treated mice were significantly 
shortened by 27.92%. Of note, colon lengths of colitic mice 
treated with homoectoine or ectoine were significantly less 
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shortened with no significant difference between both treat-
ments (Fig. 3b).

Then, we measured changes in colon permeability in vivo 
using Evans Blue to determine epithelial barrier integrity 
in the colon (Fig. 3c). As expected, permeability signifi-
cantly increased in DSS-treated mice in comparison with 
healthy controls. Evans blue uptake in DSS-treated mice that 
received either homoectoine or ectoine was not only com-
pletely prevented, but even lower than in the control group. 
Together, these data clearly show an overall protective effect 
of both ectoine and homoectoine on tissue morphology and 
intestinal epithelial barrier integrity.

Junction Architecture Is Better Preserved 
by Homoectoine During DSS‑Colitis

Intestinal permeability is in large part regulated by the AJC. 
Thus, we investigated junction architecture. The effect of 
homoectoine and ectoine on the expression and distribution 

of tight junctions (TJ) and adherens junctions (AJ) proteins 
during DSS-induced colitis was determined by western blot-
ting (WB) and immunofluorescence stainings (IFs). The TJ 
proteins ZO-1 and occludin were significantly downregu-
lated during DSS-induced colitis, as expected. Importantly, 
both homoectoine and ectoine prevented this downregula-
tion of ZO-1 and occludin (Fig. 4a). IFs showed that both 
ZO-1 and occludin were reduced at cell contacts during 
colitis (Fig. 4b). In colitic mice treated with homoectoine 
or ectoine, localization of both ZO-1 and occludin was 
maintained at cell contacts, with homoectoine preserving 
the junctional localization even better.

Claudins play an important role in barrier function. 
Claudin-1 has a sealing function, whereas claudin-2 forms 
paracellular channels promoting permeability of ions [23]. 
Thus, we analyzed claudin-1 and claudin-2 expression by 
WB (Fig. 4a) and IF (Fig. 4b). During DSS-induced coli-
tis, claudin-1 was downregulated as expected. Importantly, 
this reduction was completely prevented in colitic mice 

Fig. 2   Homoectoine and ectoine protect against severe colitis. a Both 
compatible solutes reduce the overall disease activity index (DAI) 
of DSS-induced colitis. However, different effects on the single DAI 
parameters intestinal bleeding (b), stool consistency (c) and weight 
loss (d) were observed. Control groups that received either water 
(n = 6), homoectoine (n = 4) or ectoine (n = 4) maintained a score 

of 0 during the entire course of the experiment. DAI of colitic mice 
co-treated with homoectoine (n = 10) or ectoine (n = 11) were sig-
nificantly lower after 5–7  days compared to mice treated with DSS 
alone (n = 8). Values are displayed as mean ± standard deviation of 
the mean (SDM). ***p < 0.001, **p < 0.01 and *p < 0.05. *colitis vs 
col + hom; # colitis vs col + ect; $ col + hom vs col + ect
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treated with homoectoine. However, claudin-1 levels in 
colitic mice were not affected by ectoine. Claudin-2 was 
constitutively expressed at low levels in control groups 
and its expression was significantly upregulated during 
DSS-colitis. However, when colitic mice were treated with 
homoectoine or ectoine, claudin-2 levels were reduced to 
basal levels (Fig. 4a). IF images corroborated the WB 
results (Fig. 4b). Thus, complete prevention of this inflam-
matory claudin switch by homoectoine could explain its 

stronger protective effect against inflammation (compare 
Table 1).

To test the effects of homoectoine and ectoine on the 
architecture of AJ, we analyzed the expression of E-cad-
herin and β-catenin in colon tissues of the four experimental 
groups. Interestingly, no significant changes on total protein 
levels were observed by western blot (Fig. 4c). IFs showed 
that E-cadherin and β-catenin localized to cell contacts in a 
similar fashion in all conditions (Fig. 4D).

Fig. 3   DSS-induced tissue damage is less severe in animals co-treated 
with homoectoine or ectoine. DSS-colitis was induced in C57Bl/6 
mice for 7 days. Homoectoine and ectoine treatments were adminis-
tered daily by oral gavage in parallel to colitis induction. a Hematox-
ylin and eosin stainings of colon cross-sections show normal tissue 
morphology in control mice. During colitis edema formation (arrow), 
apical erosions (arrowheads) and immune cell recruitment (asterisks) 
can be seen. Less severe tissue alterations are observed in colitic ani-

mals co-treated with homoectoine (col + hom) or ectoine (col + ect). 
Representative images of three independent experiments are shown 
(magnification × 40; bar = 50 µm). b Quantification of colon lengths. 
c Mouse colon permeability for Evans blue was measured in vivo in 
the four experimental groups: control, colitis, colitis + homoectoine 
(col + hom) and colitis + ectoine (col + ect). n = 4 per group in all 
experiments. Values are given as mean ± SDM. *p < 0.05, **p < 0.01, 
***p < 0.001

Table 1   Histological 
inflammation scores

Hematoxylin and eosin staining of three independent tissue preparations were analyzed for the indi-
cated parameters in the four experimental groups control, colitis, colitis + homoectoine (hom) and coli-
tis + ectoine (ect). Values are mean ± SEM. ***p < 0.001 (respective treatment vs colitis)

Control Colitis Colitis + hom Colitis + ect

Inflammation 0.4 ± 0.13 8.71 ± 0.85 4.1 ± 0.82*** 5.05 ± 0.85***
Extent 0.4 ± 0.12 11.62 ± 0.26 1.65 ± 0.16*** 7.6 ± 0.64***
Crypt damage 0.35 ± 0.1 14.1 ± 0.52 1.85 ± 0.22*** 8.8 ± 1.03***
Total score 1.15 ± 0.12 34.43 ± 0.54 7.6 ± 0.4*** 21.45 ± 0.84***
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Inflammatory Changes in TEER Are Ameliorated 
Only by Homoectoine, Whereas the Increase 
in Paracellular Flux Is Similarly Attenuated 
by Homoectoine and Ectoine

Given the different effects on claudins, we analyzed whether 
homoectoine and ectoine also had different effects on barrier 
dysfunction using Caco-2 cells as in vitro model of intesti-
nal epithelial barrier. As expected, TEER was significantly 
lower in cells treated with the pro-inflammatory cytokines 
IFN-γ and TNF-α compared to untreated cells (Fig. 5a). 
Importantly, only homoectoine significantly ameliorated the 
drop in TEER. By contrast, both homoectoine and ectoine 
equally reduced excessive paracellular flux of 4 kDa FITC-
dextran (Fig. 5b). This finding is in line with the WB data 
(Fig. 4A) showing that both compatible solutes prevented 
the reduction in occludin levels (regulation of macromo-
lecular paracellular flux), whereas only homoectoine sig-
nificantly prevented the reduction in claudin-1 (regulation 
of ion flux/resistance).

Expression of Inflammatory Mediators 
and Generation of Oxidative Stress Is Regulated 
by Ectoine and Homoectoine

The exacerbated production of pro-inflammatory cytokines 
and chemokines during colitis, contributes to neutrophil 
recruitment, tissue damage and excessive intestinal epithelial 
permeability [24]. Therefore, we analyzed mRNA produc-
tion of key inflammatory mediators such as IFN-γ, TNF-α, 
IL1-β, KC and IL-10. During colitis KC, TNF-α, IL1- β and 
IFN-γ were significantly elevated compared to healthy mice. 
However, both ectoines had different effects on cytokine 
production (Fig. 6a). IFN-γ elevation was completely pre-
vented by both ectoine and homoectoine, whereas TNF-α, 
KC and IL-1β production was only slightly decreased in 
homoectoine- and ectoine-treated mice. Production of the 
anti-inflammatory cytokine IL-10, which is increased in IBD 
patients during recovery phases [25], was also significantly 
increased in the colons of ectoine and homoectoine-treated 
mice.

Mucin 2 (MUC2) plays a critical role in epithelial protec-
tion [26]. Both MUC2 production [27] and secretion [28] is 
reduced in UC patients. Thus, we analyzed whether homoe-
ctoine and ectoine can also regulate MUC2 expression. 
Production of MUC2 mRNA in the colon was significantly 
reduced after DSS treatment, as expected. Of note, MUC2 
mRNA levels in colons of ectoine- and homoectoine-treated 
mice were similar to control levels (Fig. 6a).

Excessive neutrophil recruitment is another important 
characteristic of colitis contributing to tissue damage [29]. 
As a consequence of neutrophil influx, production and 
release of reactive oxygen species (ROS) increase leading 

to oxidative stress. Thus, we analyzed the production of ROS 
in colon cross-sections of treated and untreated mice. Dur-
ing DSS-induced colitis, we observed a strong increase in 
oxidative stress, which was significantly prevented by both 
homoectoine and ectoine (Fig. 6b).

In summary, our data show clear protective effects of 
ectoine and homoectoine on various aspects of inflammatory 
tissue damage during colitis such as epithelial barrier dys-
function, pro-inflammatory mediator production, junction 
architecture and oxidative stress. While most effects were 
similarly pronounced with both ectoines; only homoectoine 
protected against loss of claudin-1 expression.

Discussion

Ectoine is a compatible solute produced by halophilic 
microorganisms in response to stressful stimuli that has 
anti-inflammatory properties in different model systems 
[8]. A recent study investigated the effects of ectoine during 
TNBS-colitis in rats. Administration of ectoine previous to 
the induction of colitis resulted in protection against weight 
loss, reduction of ulcerative areas in the colon, decrease in 
pro-inflammatory cytokine levels, reduced oxidative stress 
and tissue damage. However, it is unknown whether this is 
also the case in other species using different colitis-inducing 
agents; and effects of ectoine on epithelial barrier functions 
have never before been studied. Moreover, it is unknown 
whether synthetic ectoine derivatives such as homoectoine 
would have even stronger effects than ectoine.

DSS-colitis is a well-established experimental model in 
mice that resembles histopathological and clinical features 
observed in human IBD [30]. Our findings show that ectoine 
treatment during DSS-colitis significantly diminishes the 
DAI. Parallel administration of ectoine and DSS had a pro-
tective effect similar to the pre-treatment used in rats with 
TNBS-colitis [16]. In that study, ectoine was shown to ame-
liorate histopathological features of TNBS-colitis such as 
necrosis of the mucosa, edema formation and transmural 
infiltration in a manner similar to what was observed with 
sulfasalazine, a drug currently used for IBD treatment. In 
our model, ectoine treatment also led to reduction of edema 
formation, leukocyte infiltration, inflammation, and crypt 
damage. Nevertheless, it will be important to study whether 
the administration of ectoine and homoectoine as pre-treat-
ment would have even stronger protective effects against 
DSS-colitis.

Nothing is known about potential effects of homoectoine 
during inflammation in general and colitis in particular. 
Our data now show that homoectoine was even more effi-
cient in preventing tissue damage and inflammation than 
ectoine (compare Table 1 and Fig. 3). We observed simi-
lar results with homoectoine and ectoine in the protection 
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against excessive epithelial permeability for Evans Blue in 
the colon. Using Caco-2 cells as in vitro model of intestinal 
epithelial barrier, the increase in paracellular flux of 4 kDa 
FITC–dextran induced by TNF-α and IFN-γ was equally 
prevented by both ectoines. However, when analyzing TEER 
as means to measure ion flux, we found that only homoec-
toine had a significant protective effect. Defects in epithelial 
barrier function have been observed during inflammatory 
disorders such as IBD [31]. Excessive intestinal permeability 
alone is not sufficient to induce IBD since asymptomatic 
first-degree relatives of IBD patients presented increased 
intestinal permeability without developing the disease [32]. 
Moreover, mice deficient for cortactin or non-muscle myo-
sin IIA heavy chain show increased basal epithelial perme-
ability in the colon, but did not develop spontaneous colitis 
[4, 33]. However, increased permeability aggravates clini-
cal symptoms of IBD. Intercellular junctions that regulate 
permeability are destabilized by pro-inflammatory stimuli. 

For example, IFN-γ induces internalization of epithelial TJ 
proteins [34]; immune cells such as dendritic cells open TJ 
in order to sample bacteria in the lumen [35]; and patho-
gens induce the production of proinflammatory cytokines 
and release proteases that cleave junction proteins [36]. Dis-
ruption of junctions leads to altered ion and macromolecule 
fluxes and an increased passage of antigens of the lumen 
microbiota, thus triggering the inflammatory response. 
ZO-1, occludin and the family of claudins are key compo-
nents of the TJ that regulate barrier integrity. ZO-1 is an 
intercellular protein essential for TJ stability and barrier 
functions for solutes [37], and it binds to the transmembrane 
proteins occludin and claudins linking them to the actin 
cytoskeleton. Occludin is mainly involved in the regulation 
of paracellular flux of 4 kDa FITC-dextran, whereas claudins 
permit the selective flux of ions across the barrier [38]. Dur-
ing DSS-colitis, occludin and ZO-1 levels are significantly 
reduced until their complete depletion [39]. However, effects 
are not as clear with claudin-1 expression during DSS-colitis 
[17, 40]. Our findings show a clear loss of ZO-1, occludin 
and claudin-1 during DSS-colitis. Both homoectoine and 
ectoine prevented the downregulation of ZO-1 and occludin. 
By contrast, rescue of claudin-1 expression during colitis 
was only observed with homoectoine, but not with ectoine. 
On the other hand, claudin-2 forms selective pores for small 
ions and is expressed mostly in leaky epithelia [41]. During 
colitis, claudin-2 expression is upregulated in the colon [42], 
which we could confirm in this study. Of note, both ectoine 
and homoectoine significantly inhibited the increase in clau-
din-2 during colitis. These data provide an explanation for 
our results that only homoectoine had a protective effect 
against increased ion flux (controlled by claudins); and that 
both ectoine and homoectoine similarly reduced paracellular 

Fig. 4   Colitis-induced disruption of TJ is ameliorated by homoec-
toine and ectoine. a WB of mouse colon lysates for ZO-1, occludin, 
claudin-1, claudin-2 and γ-tubulin of the four experimental groups: 
control, colitis, colitis + homoectoine (col + hom) and colitis + ectoine 
(col + ect). Bar graph represents quantification of pixel intensities of 
the respective protein bands normalized to γ-tubulin. b IF images of 
colon cross-sections stained for ZO-1, occludin, claudin-1 and clau-
din-2 of the four experimental groups. Arrows indicate apical crypt 
stainings (magnification × 40, bar = 50  µm). c WB of mouse colon 
lysates for E-cadherin, β-catenin and γ-tubulin of the four experimen-
tal groups. Bar graph represents quantification of pixel intensities of 
the respective protein bands normalized to γ-tubulin. No significant 
differences were detected. d IF images of colon cross-sections of the 
four experimental groups stained for E-cadherin, β-catenin. Arrows 
indicate apical crypt stainings (magnification: × 40, bar = 50  µm). 
n = 3 in all experiments. Quantification values given as mean ± SDM. 
*p < 0.05, **p < 0.01

◂

Fig. 5   Increased epithelial permeability during inflammation is atten-
uated by homoectoine and ectoine in vitro. a Transepithelial electri-
cal resistance (TEER) across confluent Caco-2 monolayers grown on 
0.4 µm filters was measured every 24 h. Once cultures reached con-
fluence, they received an inflammatory stimulus with 100U/ml IFN-γ 

and 5 nM TNF-α. In parallel, they were treated with 1 mM ectoine, 
1 mM homoectoine or left untreated. b Once TEER was established, 
flux of 4 kDa FITC-dextran was measured fluorometrically at 488 nm 
after 24-h incubation. n = 4 in all experiments. Values are given as 
mean ± SDM. *p < 0.05¸**p < 0.01¸***p < 0.001
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flux of 4 kDa FITC-dextran (controlled by occludin). Our 
data clearly demonstrate that the compatible solutes ectoine 
and especially homoectoine protect epithelial junction archi-
tecture during colitis, thus contributing to the maintenance 
of intestinal barrier integrity. It will be interesting in the 
future to analyze potential protective effects of ectoines dur-
ing the recovery phase after acute colitis and during chronic 
experimental colitis after several cycles of DSS treatment. 
Moreover, during severe inflammatory disorders such as sep-
sis, intestinal barrier dysfunction characterized by exces-
sive permeability contributes to the development of organ 
dysfunction syndrome [43]. Therefore, it will be important 

to determine whether these compatible solutes can prevent 
intestinal barrier hyperpermeability during sepsis.

Ectoine regulated the expression of pro-inflammatory 
cytokines during TNBS-induced colitis in rats [16]. Here, 
we show that both homoectoine and ectoine reduce the pro-
duction of IFN-γ, TNF-α, KC, IL1-β and promote produc-
tion of the anti-inflammatory cytokine IL-10. Moreover, we 
observed that both homoectoine and ectoine reduced oxida-
tive stress in colon tissues from colitic mice probably due 
to ROS scavenging activity. This is in line with previous 
reports showing that ectoine had antioxidative properties 
in human skin cells [10]; and with the fact that neutrophils 

Fig. 6   Treatment with homoectoine or ectoine reduces the produc-
tion of pro-inflammatory cytokines and oxidative stress during colitis. 
a RT-PCR of cDNA derived from mouse colons of the four experi-
mental groups: control, colitis, colitis + homoectoine (col + hom) and 
colitis + ectoine (col + ect) for the indicated cytokines/chemokines, 
and mucin-2. β-actin served as house-keeping gene. The bar graph 
represents quantification of pixel intensities of the respective cytokine 
bands normalized to β-actin. Representative images of three inde-

pendent experiments, n = 3 in each group. b Colon cross-sections of 
the four experimental groups were incubated with 5 µM dihydroeth-
idium (DHE) as described in methods. Representative fluorescent 
images of oxidized ethidium are shown. The bar graph shows fold 
increase of mean fluorescence intensity (MFI) normalized to the con-
trol group. n = 3 in each group. Bar = 50  µm. *p < 0.05; **p < 0.01; 
***p < 0.001
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are recruited during DSS-colitis into the colon where they 
release proteases and ROS that contribute to tissue damage 
[44].

Taken together, our data suggest that homoectoine and 
ectoine ameliorate tissue damage induced by DSS-colitis by 
reducing the inflammatory response and stabilizing intestinal 
epithelial junctions. Due to the complete prevention of the 
colitis-induced claudin switch, homoectoine most likely has 
a stronger protective effect during colitis. The exact molecu-
lar mechanisms require further investigation, but could be 
related to the stabilization of proteins and membranes and 
prevention of water loss according to the preferential exclu-
sion model [21]. Ectoine is currently used for the treatment 
of allergic rhinitis [45], conjunctivitis and atopic dermatitis 
[46]. Our results unequivocally show that ectoine and even 
more homoectoine protect against DSS-colitis. Importantly, 
homoectoine and ectoine did not cause any side effects in 
healthy mice. Thus, especially homoectoine has the potential 
to serve as beneficial diet supplement for IBD patients to 
reach or extend phases of remission.
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