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Abstract

Background: Chronic relapsing colitis involves immune dysregulation and oxidative stress,
making monotherapies often insufficient. This study investigates a therapeutic strategy
combining doxycycline (Dox), an immunomodulatory antibiotic, with Arthrospira platensis
extracts to enhance anti-inflammatory and antioxidant effects, improving remission and
controlling relapse. Methods: Ethanolic (ES) and aqueous (AS) extracts of A. platensis
were chemically characterized by GC-MS after derivatization. Colitis was induced in
mice using two intrarectal DNBS administrations spaced 7 days apart, with oral treat-
ments (Dox, ES, AS, or combinations) given daily between doses. Disease progression
was evaluated through clinical monitoring, histological scoring, and biochemical analy-
sis, including MPO and CAT activities, as well as NO, MDA, and GSH levels. Results:
GC-MS identified 16 bioactive compounds in each extract. ES contained mainly fatty
acids and amino acids, whereas AS was rich in polysaccharides and phytol. Combined
doxycycline and A. platensis extracts significantly enhanced recovery in reactivated DNBS
colitis compared to monotherapies. Each treatment alone reduced disease severity, but
their combination showed synergistic effects, significantly reducing disease activity index
(p < 0.001), restoring mucosal integrity, and modulating inflammatory and oxidative mark-
ers (p < 0.001). Conclusion: Doxycycline potentiates the anti-colitic effects of A. platensis
extracts via complementary mechanisms, offering a promising combination for managing
relapsing colitis.
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1. Introduction

Inflammatory bowel diseases (IBDs), including Crohn’s disease and ulcerative colitis,
are chronic and recurrent inflammatory disorders of the gastrointestinal tract [1,2]. Their
pathogenesis is multifactorial and involves dysregulated immune responses, excessive
oxidative and nitrosative stress, epithelial barrier dysfunction, and gut microbiota im-
balance [3,4]. These interconnected mechanisms contribute to the onset and persistence
of intestinal inflammation and tissue injury [5]. Current therapeutic strategies, such as
aminosalicylates, corticosteroids, immunosuppressants, and biologics targeting specific cy-
tokines, focus mainly on immune modulation [6,7]. Although these treatments can induce
remission in some patients, they often show limited long-term efficacy, risk of relapse, and
potential adverse effects [8,9]. Moreover, they do not directly address oxidative stress or
microbiota dysbiosis, which are central contributors to disease progression [10,11]. This
highlights the need for complementary or combination therapies capable of targeting mul-
tiple pathological pathways to achieve more effective and durable disease control [12,13].

In this context, doxycycline, an established member of the tetracycline class, has
garnered attention beyond its conventional antimicrobial role [14-16]. Recognized as a
prototypical xenobiotic, doxycycline exhibits a wide spectrum of biological activities that
include anti-inflammatory, antioxidant, and matrix metalloproteinase (MMP) inhibitory
effects [16-18]. These pleiotropic properties have led to its repurposing in various inflam-
matory and degenerative diseases, including models of acute and chronic colitis [16,19,20].
Doxycycline has been shown to attenuate intestinal inflammation by modulating the nu-
clear factor kappa B (NF-«B) signaling, reducing oxidative stress, and preserving mucosal
integrity [21,22]. However, prolonged use is often limited by concerns over microbiota
disruption, antibiotic resistance, and systemic toxicity [23,24]. These limitations underline
the need for safer and more sustainable approaches, such as combination therapies that
optimize the therapeutic benefit while minimizing adverse effects.

To address these limitations, growing interest has been directed toward natural bioac-
tive compounds with anti-inflammatory and antioxidant potential, such as those derived
from Arthrospira platensis (commonly known as spirulina) [25]. This cyanobacterium is
rich in functional molecules, including phycocyanin, polysaccharides, polyunsaturated
fatty acids, phenolic acids, and essential amino acids [26,27], that have demonstrated
anti-inflammatory, antioxidant, antimicrobial, and tissue-protective activities in various
preclinical models [28-30]. Several studies have reported that both aqueous and ethanolic
extracts of spirulina can alleviate symptoms of chemically induced colitis by reducing
oxidative damage, preserving intestinal barrier function, and modulating cytokine expres-
sion [28,31,32]. Importantly, spirulina is considered a safe, food-grade xenobiotic with
high biocompatibility, making it a promising candidate for integrative strategies aimed at
reducing drug dependency and enhancing therapeutic outcomes in chronic inflammatory
diseases [33,34].

To the best of our knowledge, tetracycline antibiotics, particularly minocycline and
doxycycline, have been independently evaluated in various models of acute and chronic
colitis, primarily due to their dual anti-inflammatory and antimicrobial properties [21,35,36].
Similarly, several studies have explored the protective effects of A. platensis and its bioactive
extracts in experimental colitis, highlighting their ability to mitigate oxidative stress and
mucosal damage [28,31,32,37]. However, the potential therapeutic benefit of combining
doxycycline with spirulina extracts has not yet been investigated in a model that mimics
the recurrent and relapsing nature of human IBD. This gap is particularly relevant given the
complementary mechanisms of action of both agents, which may enhance overall efficacy
when used in combination.
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To address the complexity of IBD pathogenesis, this study investigated a dual therapeu-
tic strategy combining A. platensis extracts with the synthetic agent doxycycline. Specifically,
we evaluated the effects of ethanolic (ES) and aqueous (AS) extracts, alone or in combination
with doxycycline, in a relapsing colitis model induced by 2,4-dinitrobenzenesulfonic acid
(DNBS) in mice. To support the interpretation of the biological responses, the extracts were
chemically characterized using Gas Chromatography-Mass Spectrometry (GC-MS) after
derivatization, enabling a comprehensive profiling of their bioactive constituents. This dual
approach aimed to determine whether the combination therapy could provide superior
protection and promote sustained remission compared to monotherapies by targeting
multiple pathological pathways involved in IBD relapse.

2. Materials and Methods
2.1. Biological Material and Reagents

Dry A. platensis biomass was obtained from a controlled algal culture at Kasdi Merbah
University, Ouargla, Algeria. All chemicals and reagents were sourced from Sigma-Aldrich
(Madrid, Spain), unless otherwise specified.

2.2. Preparation of A. platensis Extracts

A. platensis powder was extracted using either ethanol (80%) or distilled water at a
1:10 (w/v) ratio, under continuous stirring for 24 h at 25 °C in the dark. The mixtures were
filtered through Whatman No. 1 filter paper, and the resulting ES and AS extracts were
dried at 40 °C and stored at 4 °C for further analysis.

2.3. Derivatized GC-MS Profiling

For the GC-MS analysis, the ES and AS extracts were derivatized using N-methyl-N-
(trimethylsilyl)-trifluoroacetamide (MSTFA) according to the method of Morsy et al. [28].
Analyses were performed on a PerkinElmer Clarus 500 gas chromatograph (PerkinElmer,
Waltham, MA, USA) coupled to a quadrupole mass spectrometer (mass range: m/z 20-550;
source temperature: 250 °C). Separation was achieved on an Elite 5 MS capillary column
(30 m x 0.25 mm internal diameter x 0.25 um film thickness) with helium as the carrier
gas at a flow rate of 1 mL/min. The oven temperature was initially set at 70 °C for 4 min,
increased at a rate of 4 °C/min to reach 220 °C, and held for 15 min. The total run time
was 56.5 min. A 1 pL aliquot of each derivatized extract was injected, with an ionization
energy of 70 eV. Compound identification was carried out by matching the mass spectra
and retention indices of the detected peaks with reference standards from the NIST and
WILEY mass spectral libraries.

2.4. Animals and Experimental Design

A total of forty-nine female BALB/c mice (20-25 g), obtained from the Pasteur Institute
(Algiers, Algeria), were housed under standard conditions with a 12 h light/dark cycle
and free access to food and water. All procedures were approved by the Ethics Committee
of the LBVE Laboratory (Ref. CE-LBVE-2024-117) and conducted in accordance with EU
Directive 2010/63/EU.

Mice were randomly assigned to seven groups (1 = 7 per group): one non-colitic
control group and six colitic groups. Among the colitic groups, one remained untreated,
while the other five received oral treatments as follows: doxycycline (25 mg/kg), ES
extract (100 mg/kg), AS extract (100 mg/kg), and combinations of doxycycline with
either ES or AS. Relapsing colitis was induced by two intrarectal administrations of DNBS
(250 mg/kg in 0.1 mL of 50% ethanol) under light anesthesia as previously described by
T. T. Hove et al. [38]. The first instillation was performed on day 1, immediately followed
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by the initiation of daily oral treatments (doxycycline, ES extract, AS extract, or their
combinations), which continued once daily through day 7. On day 7, a second DNBS
instillation was administered to trigger relapse, and animals were euthanized on day 9 for
endpoint analyses (Figure 1).
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Figure 1. Experimental design of the DNBS-induced relapsing colitis model in BALB/c mice, treated
with multiple oral administrations of ethanolic (ES) and aqueous (AS) extracts of Arthrospira platensis,
alone or in combination with doxycycline.

2.5. Clinical and Macroscopic Evaluation of Colitis

During the experiment, each clinical symptom observed in the animals (wet anus,
bleeding, altered stool, piloerection, hypoactivity) was scored as 1 point. Weight loss was
scored separately, with 1 point assigned for a 5-10% loss and 2 points for a loss greater than
10% in 24 h. The total clinical score reflected disease severity. At the end of the experimental
period, animals were euthanized and dissected. The entire colon was removed, weighed,
and its length was measured to calculate the weight-to-length ratio.

2.6. Histopathological Assessment

A small portion of colon specimens was fixed in 4% buffered formaldehyde for the his-
tological study. Cross-sections were selected and embedded in paraffin, and subsequently,
5 um full-thickness sections were taken at different levels, mounted on silane-coated glass
slides, and stained with hematoxylin and eosin (H&E) for histological scoring and observed
with a Leica microscope. Histological scoring of colonic tissues was performed based on
inflammation, mucosal ulceration, and necrosis. Ulceration was graded on a 0—4 scale:
0 = absent; 1 = mild (0-25% mucosal surface affected); 2 = moderate (25-50%); 3 = severe
(50-75%); 4 = extensive/full thickness (>75%). Microscopic changes were similarly scored
for severity (0 = none, 1 = minimal, 2 = mild, 3 = moderate, 4 = severe).

2.7. Assessment of Inflammatory and Redox Markers

To assess the inflammatory and redox alterations induced by DNBS and the potential
protective effects of A. platensis extracts, several biochemical markers were quantified in
the colonic tissues. Colonic tissue samples were homogenized in phosphate buffer (50 mM,
pH 7.4) and centrifuged to remove debris and obtain the post-mitochondrial supernatant
(PMS), which was used for biochemical assays.

2.7.1. Myeloperoxidase (MPO) Activity

MPO activity was quantified according to the method described by Merakeb et al. [39].
The assay mixture consisted of 50 mM phosphate buffer (pH 6.0), 0.167 mg/mL o-
dianisidine hydrochloride, 0.0005% hydrogen peroxide, and PMS. The change in absorbance
was monitored at 460 nm over 3 min using a microplate reader. MPO activity was calculated
using the molar extinction coefficient of 11.3 mM~!-cm ™! to convert absorbance changes
into the rate of HyO, decomposition. The results are expressed as mM of H,O, decomposed
per minute per gram of colon (wet weight), allowing a quantitative and physiologically
relevant measure of neutrophil infiltration and inflammation.
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2.7.2. Nitrite Quantification

Nitrite concentrations, reflecting NO production, were determined by the Griess
reaction [40]. Briefly, PMS samples were deproteinized by adding an equal volume of
10% trichloroacetic acid (TCA), followed by centrifugation at 1500 x g for 10 min at 4 °C.
The supernatant was mixed with an equal volume of Griess reagent and incubated in the
dark at room temperature for 20 min. Absorbance was measured at 543 nm, and nitrite
concentrations were determined by reference to a sodium nitrite standard curve (ranging
from 1 to 128 uM). Results were expressed as uM of nitrite per 100 mg of tissue.

2.7.3. Measurement of Lipid Peroxidation

Lipid peroxidation was assessed by quantifying malondialdehyde (MDA) levels us-
ing the thiobarbituric acid reactive substances (TBARS) assay [31]. PMS samples were
mixed with 35% TCA (1:1, v/v), incubated on ice for 1 h, and centrifuged at 1500 x g for
10 min at 4 °C. The supernatant was reacted with 0.8% thiobarbituric acid in acetic acid,
heated at 95 °C for 60 min, then cooled on ice. The pink chromogen formed was mea-
sured at 532 nm. MDA concentrations were calculated using the extinction coefficient of
1.56 x 10° M~L.cm~! and expressed as 1M per gram of wet tissue.

2.7.4. Catalase (CAT) Activity

Catalase activity was determined by measuring the rate of decomposition of hydro-
gen peroxide at 240 nm, as described by Avula et al. [41]. The assay mixture contained
1.95 mL of 0.019 M hydrogen peroxide in phosphate buffer (50 mM, pH 7.0) and 50 uL of
PMS. The decrease in absorbance at 240 nm was recorded every 30 s for 3 min at 25 °C.
Catalase activity was calculated using the molar extinction coefficient of 43.6 M~!.cm™! for
H,0; and expressed as mM H,O, degraded per minute per gram of tissue.

2.7.5. Reduced Glutathione (GSH) Content

GSH content was measured by the described method of Rathore et al. [42]. Briefly,
PMS samples were deproteinized by mixing with an equal volume of 4% sulfosalicylic acid,
followed by centrifugation at 1500 x g for 10 min at 4 °C. The supernatant was added to
a reaction mixture containing 0.1 M phosphate buffer (pH 7.4) and 0.4% of 5,5'-dithiobis-
(2-nitrobenzoic acid) (DTNB). The absorbance of the yellow-colored 5-thio-2-nitrobenzoic
acid (TNB) product was measured at 412 nm within 5 min. GSH concentrations were
quantified by reference to a standard curve constructed with known concentrations of
reduced glutathione and expressed as M per 100 mg of protein. Total protein content
in PMS was determined using the Bradford method, with bovine serum albumin as the
standard (ranging from 0 to 100 pug/mL).

2.8. Statistical Analysis

Data are presented as mean + standard deviation (SD). Statistical analyses were
performed using GraphPad Prism 8.0.2.263 (GraphPad Software, San Diego, CA, USA).
Group comparisons were conducted using one-way ANOVA, followed by Dunnett’s test;
A p-value < 0.05 was considered statistically significant. In addition, Two-way ANOVA
was used to evaluate potential synergistic interactions between doxycycline and A. platensis
extracts, with effect sizes and 95% Cls reported alongside p-values.

3. Results
3.1. GC-MS Analysis of Derivatized A. platensis Extracts

Following the derivatization of ES and AS extracts, the chemical composition of the samples
was analyzed using GC-MS. The retention times of the major compounds identified in the ES
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and AS extracts are presented in Supplementary Figures S1 and S2, respectively. At the same
time, their relative abundances (expressed as area percentages) and molecular formulas, and
additional identification criteria are detailed in Supplementary Tables S1 and S2.

The GC-MS analysis of the ES extract revealed a complex mixture primarily composed
of fatty acids and amino acids. A total of sixteen distinct compounds were identified,
with Palmitic acid (18.07%), 2-O-Glycerol-x-D-galactopyranoside (16.32%), L-Methionine
(13.62%), and D-phenylalanine (11.79%) as the major constituents. In contrast, the AS extract
exhibited a distinct phytochemical profile, dominated by polysaccharides and terpenoid
compounds. Sixteen compounds were detected, including D-Xylopyranose (14.67%), Phytol
(11.23%), o, &’-Trehalose (8.08%), and Palmitic acid (7.93%) as the most abundant.

3.2. Clinical Assessment of Colitis Severity

To investigate the clinical efficacy of A. platensis extracts (ES and AS), alone or in
combination with doxycycline, both body weight evolution and the DAI were monitored as
sensitive and early indicators of colitis severity and overall health deterioration in murine
models, providing a comprehensive evaluation of inflammation-induced damage and
therapeutic response (Figure 2A,B). The DAI incorporated multiple clinical parameters, in-
cluding body weight variation, stool consistency, rectal bleeding, piloerection, and reduced
activity, offering a composite and objective measure of disease progression during both
acute and relapse phases.

In this study, weight changes were carefully monitored across the experimental time-
line, with comparative analyses explicitly performed on day 3 and day 9, corresponding
to 48 h after each DNBS induction. A significant decrease in body weight was observed
in the untreated colitic group compared to the healthy control group at both time points
(*** p < 0.001), reflecting severe physical deterioration likely associated with intestinal
dysfunction and mucosal inflammation. At day 3, mice treated with A. platensis extracts
(ES or AS), alone or in combination with doxycycline (Dox-ES or Dox-AS), exhibited sig-
nificant protection against weight loss (*** p < 0.001), while the doxycycline monotherapy
group showed no statistically significant improvement (p > 0.05). At day 9, all treatment
groups, including doxycycline alone, showed a significant improvement compared to the
untreated colitic group (*** p < 0.001). These data reinforce the relevance of body weight as
a clinical marker and underscore the beneficial impact of A. platensis extracts, particularly
in combination therapy.

Body weight evolution was integrated as a component in the composite DAI, together
with stool consistency, rectal bleeding, and physical activity. A significant and progressive
increase in DAI was observed following the first DNBS administration in the untreated
colitic group compared with the control group (*** p < 0.001), indicating the successful
onset of acute intestinal inflammation. In contrast, treatment with A. platensis extracts,
especially when combined with Doxycycline, resulted in a gradual and notable reduction in
DAI values, suggesting a favorable impact on the attenuation of acute inflammation. After
the second DNBS administration, intended to mimic colitis relapse, untreated colitic mice
exhibited a significant and exacerbated increase in DAI scores compared to the non-colitic
group, highlighting a failure in maintaining remission. In contrast, mice receiving either
doxycycline or A. platensis extracts alone showed moderate improvement. At the same time,
those treated with combinations displayed a significantly attenuated DAI increase during
the relapse phase compared with the untreated colitis group (p < 0.001), with final DAI
scores nearing those of the non-colitic control (p > 0.05). These results suggest a cumulative
and potentially synergistic effect of the combined treatments in promoting remission and
preventing colitis reactivation.
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Figure 2. Clinical evaluation of A. platensis extracts (ES and AS), alone or combined with doxycycline
(Dox), on DNBS-induced colitis in BALB/c mice. (A) Body weight evolution; (B) Disease Activity
Index (DAI) during acute and relapse phases. The experimental timeline is indicated above the graphs,
showing DNBS administrations (days 1 and 7), the treatment period (days 1-7), and euthanasia
(day 9). Data are presented as mean =+ standard deviation (SD) (n = 7 per group). Statistical analysis
was performed using one-way ANOVA followed by Dunnett’s multiple comparisons test. ** p < 0.01
and *** p < 0.001 vs. the DNBS group; ### p < 0.001 vs. the control group.

3.3. Macroscopic Assessment of Colonic Damage

The colon weight-to-length ratio, a robust indicator of inflammation-associated edema
and tissue remodeling, was significantly elevated in DNBS-treated mice (55.02 £ 7.21)
compared with the healthy control group (28.33 + 2.40 mg/cm; p < 0.001), indicating
pronounced structural alterations. Treatment with doxycycline alone yielded a moderate,
non-significant reduction in this parameter (43.83 £ 4.63 mg/cm; p > 0.05), suggesting
limited efficacy in mitigating structural colonic alterations. In contrast, administration of
A. platensis extracts resulted in significant attenuation of colonic inflammation, as evidenced
by reductions in the ratio to 42.75 £ 3.80 mg/cm for ES and 42.84 + 0.68 mg/cm for
AS, compared with the untreated colitic group (p < 0.01), indicating effective attenuation
of colonic inflammation and edema. Importantly, combination therapies of doxycycline
with either ES or AS produced a more pronounced decrease in the ratio (34.39 & 4.33 and
33.92 £ 0.81 mg/cm, respectively) compared to the untreated colitic group (p < 0.001).
Moreover, these decreases were significantly greater than those achieved by the corre-
sponding extracts alone administered as monotherapy (p < 0.05). However, no significant
interaction was observed between Dox and either extract for this parameter (Dox-ES
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p = 0.9474; Dox-AS p = 0.6701), indicating that the observed effects are primarily additive
rather than truly synergistic (Figure 3A,B).

- HP PHeY
.3 3 3 =
- i .J'E = | by
= i : R B
"-E -:-E u} "".‘:ﬁ
i = | -3 =1
~ = % £
: Jo: ) %2 o
=) +
y : = iy |
= = -2
= 3 “3
3 3 | .3
u:.:i 'é -'E
| |
Contral DNES Dax ES Dox-ES AS Dox-AS
=
B =)
(=]
S 80—
w
3
i
5 god
L-t]
> *
c o
2 5 40
w E
gE
: 2o_ﬂ
L=
w
a3
bt 0 T T
B > B +
‘S O @ 5
e S d

Figure 3. Effect of A. platensis extracts (ES and AS), alone or in combination with doxycycline
(Dox), on macroscopic colonic damage in DNBS-induced acute and relapsing colitis in BALB/c mice.
(A) Representative macroscopic appearance of colons; (B) Colon weight-to-length ratio. Data are
expressed as mean = standard deviation (SD) (1 = 7 per group). Statistical analysis was performed
using one-way ANOVA followed by Dunnett’s multiple comparisons test. * p < 0.05, ** p < 0.01,
*** p < 0.001 vs. the DNBS group; ### p < 0.001 vs. the healthy control group.

3.4. Histological Assessment of Colonic Tissue

Histological analysis provided further confirmation of the protective effects of the
treatments. As shown in Figure 4A, colon sections from healthy control mice exhibited a
well-preserved mucosal architecture, with intact epithelial layers, clearly defined crypts,
and no signs of edema or inflammatory infiltration. In contrast, microscopic examination
of colonic samples from the untreated colitic group revealed significant histopathological
alterations, characterized by multifocal infiltration of the mucosa and submucosa by poly-
morphonuclear and mononuclear cells, focal depletion of intestinal crypts, and localized
ulceration of the mucosa (Figure 4B).

Treatment with doxycycline alone led to only modest improvements, with a slight
reduction in edema and infiltration by polymorphonuclear and mononuclear cells; how-
ever, the overall architecture remained disrupted, with evident crypt distortion and partial
epithelial damage. These findings suggest that doxycycline alone provided limited protec-
tion against DNBS-induced injury (Figure 4C). Conversely, treatment with ES (Figure 4D)
or AS (Figure 4E) resulted in more pronounced improvements. Both treatments reduced
edema and inflammatory infiltration by polymorphonuclear and mononuclear cells and
partially restored mucosal architecture. Although the crypts remained slightly shortened
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or irregular in some areas, the epithelial continuity was largely recovered, supporting the
anti-inflammatory properties of the extracts.
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Figure 4. Histological evaluation of colonic tissues in DNBS-induced colitis and after treatment
with doxycycline, ethanolic (ES) and aqueous (AS) extracts of A. platensis, alone or in combination.
Representative hematoxylin—eosin-stained transverse sections of colonic tissues (G x 40 and G x 100)
from: (A) control group showing preserved colonic architecture (no significant findings); (B) untreated
colitic group, with multifocal infiltration of the mucosa and submucosa by polymorphonuclear (PMN)
and mononuclear (MC) cells (—), focal depletion of intestinal crypts, and focal mucosal ulceration
(»); (C) doxycycline-treated group exhibiting partial structural improvement; (D) group treated with
ethanolic extract (ES) showing moderate tissue restoration; (E) group treated with aqueous extract
(AS) showing similar improvements; (F) Dox + ES group demonstrating enhanced protection; and
(G) Dox + AS group displaying nearly complete normalization of colonic histology. Key: (¥)
submucosal edema; (—) infiltration of polymorphonuclear and mononuclear cells in the submucosa;
(») crypt disruption and /or focal mucosal ulceration.

The combined treatments (Figure 4F,G) demonstrated superior protective effects. In
particular, the Dox-AS group showed near-complete restoration of colonic architecture.
The crypts were intact, epithelial integrity was restored, and no signs of inflammation or
edema were detected. This structural normalization closely resembled that of the non-
colitic control group, strongly supporting a synergistic interaction between doxycycline and
A. platensis in alleviating DNBS-induced colonic damage.

3.5. MPO Activity as a Marker of Neutrophil Infiltration

To further confirm the extent of neutrophilic infiltration observed histologically, colonic
MPO activity was assessed as a reliable biochemical marker (Figure 5). The DNBS-induced
colitic group exhibited a significant increase in MPO activity (134.18 £ 12.24 mM/min/g
of colon) compared with the healthy control group (47.77 + 7.00 mM/min/g of colon;
p < 0.001), reflecting pronounced neutrophil infiltration and reactivated colonic inflam-
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mation. Treatment with doxycycline alone led to a significant decrease in MPO levels
(103.60 + 6.81 mM/min/g of colon) compared to the untreated colitic group (p < 0.01).
However, the values remained elevated compared to the control group, indicating a partial
anti-inflammatory effect. Both ES and AS extracts also produced significant reductions
in MPO activity to 72.26 & 14.14 and 65.90 & 13.08 mM/min/g of colon, respectively,
compared with the untreated colitic group (p < 0.001), supporting their anti-inflammatory
potential. Notably, the combined treatments resulted in even greater reductions in MPO
activity, with values of 61.82 £ 3.07 mM/min/g of colon for the Dox-ES group and
51.59 £ 5.09 mM/min/g of colon for the Dox-AS group. A significant interaction be-
tween Dox and ES (p = 0.0025), indicating a true synergistic effect for the Dox-ES combina-
tion, whereas no significant interaction was observed between Dox and AS (p = 0.0935),
suggesting that the enhanced effect of Dox-AS is largely additive rather than synergistic.
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Figure 5. Effect of A. platensis extracts (ES and AS), alone or in combination with doxycycline
(Dox), on colonic myeloperoxidase (MPO) activity (mM/min/g of colon) in DNBS-induced colitis in
BALB/c mice. MPO activity was determined spectrophotometrically using o-dianisidine and Hy,O,
as substrates. Data are expressed as mean =+ standard deviation (1 = 7 per group). Statistical analysis
was performed using one-way ANOVA followed by Dunnett’s multiple comparisons test. ns p > 0.05,
**p <0.01, *** p <0.001 vs. the DNBS group; ### p < 0.001 vs. the control group.

3.6. Lipid Peroxidation and Nitrosative Stress Markers

To evaluate lipid peroxidation and nitrosative stress, MDA and nitrite levels were
quantified in colonic tissues (Figure 6A,B). DNBS administration significantly increased
both MDA (16.62 4 0.96 nM/mg of colon) and NO levels (20.62 4 2.31 uM /100 mg of colon)
compared with the control group (5.23 & 0.54 nM/mg of colon and 3.48 &+ 1.21 uM /100 mg
of colon, respectively; p < 0.001), confirming elevated oxidative stress in colitic mice. All
treated groups, including doxycycline, ES, and AS monotherapies, as well as their com-
binations, showed a significant decrease in both markers compared to the DNBS group
(*** p < 0.001). Specifically, MDA levels were reduced to 10.79 + 1.09 nM/mg of colon
(Dox), 8.90 £ 0.49 nM/mg of colon (ES), and 10.50 £ 0.36 nM/mg of colon (AS), while
nitrite levels decreased to 14.73 £ 0.92, 14.37 & 2.10, and 14.00 £ 0.76 pM /100 mg of colon,
respectively. The combined treatments showed greater antioxidant effects. MDA and nitrite
levels dropped to 7.50 & 0.52 nM/mg of colon and 11.24 £ 0.65 uM /100 mg of colon in
the Dox-ES group and to 6.57 &+ 0.22 nM/mg of colon and 8.31 &+ 0.72 uM /100 mg of
colon in the Dox-AS group, respectively. A significant interaction between Dox and ES
for both MDA (p < 0.0001) and NO (p = 0.0323), indicating a true synergistic effect, while
the interaction between Dox and AS was significant for MDA (p = 0.0373) but not for NO



J. Xenobiot. 2025, 15, 160 11 of 21

(p = 0.8888), suggesting that the observed antioxidant effect of Dox-AS on MDA is synergis-
tic, whereas its effect on NO is largely additive.
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Figure 6. Effect of A. platensis extracts (ES and AS), alone or in combination with doxycycline
(Dox), on colonic (A) malondialdehyde (MDA) levels and (B) nitrite (NO, ™) levels production
in DNBS-induced colitis in BALB/c mice. Data are expressed as mean =+ standard deviation
(n = 7 per group). Statistical analysis was performed using one-way ANOVA followed by Dun-
nett’s multiple comparisons test. p > 0.05, * p < 0.05, *** p < 0.001 vs. the DNBS group; ### p < 0.001
vs. the control group.

3.7. Antioxidant Defense Markers

To evaluate the antioxidant defense system in DNBS-induced colitis, CAT activity and
GSH levels were quantified in colonic tissues (Figure 7A,B). DNBS administration led to a
significant depletion of both CAT activity (82.93 &= 10.68 mM/min/g of colon) and GSH lev-
els (5.91 &+ 0.69 uM/g of colon) compared to the control group (215.10 £ 18.45 mM/min/g
of colon and 34.16 £ 4.36 uM/g of colon, respectively; p < 0.001), indicating oxidative
stress and impaired redox balance. Under monotherapy conditions, treatment with doxy-
cycline (Dox) or the ethanolic extract (ES) led to a non-significant increase in CAT activity
compared to the DNBS group (91.54 £ 16.88 and 104.22 £ 12.87 mM/min/g of colon,
respectively; p > 0.05), while the aqueous extract (AS) induced a significant improvement
(119.81 £ 3.42 mM/min/g of colon; p < 0.05). Regarding GSH levels, all monotherapies
significantly restored glutathione content compared to DNBS (p < 0.001), with values of
21.84 £ 1.27 uM/g of colon (Dox), 16.38 £ 2.43 uM/g of colon (ES), and 19.92 + 3.08 uM/g
of colon (AS).

Combination therapies provided more substantial effects. Co-administration of
Dox with ES or AS significantly enhanced CAT activity compared to the DNBS group
(115.83 £ 24.66 and 119.81 + 10.37 mM/min/g of colon, respectively), with p < 0.05 for
Dox-ES and p < 0.01 for Dox-AS. No significant interaction between Dox and either extract
for CAT (Dox-ES p = 0.8845, Dox-AS p = 0.5613) or GSH (Dox-ES p = 0.7827, Dox-AS
p = 0.1047), indicating that the observed improvements are primarily driven by each
treatment individually, without evidence of true synergy.
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Figure 7. Effect of A. platensis extracts (ES and AS), alone or in combination with doxycycline (Dox),
on (A) colonic catalase (CAT) activity and (B) reduced glutathione (GSH) levels in DNBS-induced
colitis in BALB/c mice. Data are expressed as mean =+ standard deviation (n =7 per group). Statistical
analysis was performed using one-way ANOVA followed by Dunnett’s multiple comparisons test.
ns p > 0.05 *p < 0.05 ** p <0.01 and *** p < 0.001 vs. the DNBS group; ## p < 0.001 vs. the
control group.

4. Discussion

This study introduces an innovative therapeutic strategy that combines doxycycline,
an antibiotic with immunomodulatory properties, with ethanolic and aqueous extracts of
A. platensis in a relapsing DNBS-induced colitis model in mice. The originality of this work
lies in evaluating this combination during the reactivation phase of intestinal inflammation.
This period closely mimics the relapse episodes characteristic of inflammatory bowel
diseases such as Crohn'’s disease and ulcerative colitis. To our knowledge, this is the first
investigation to assess this synergistic approach in such a model, while also performing an
in-depth GC-MS metabolomic characterization of the extracts after derivatization. This
analysis revealed distinct bioactive profiles depending on the solvent used, with ES being
rich in fatty acids and amino acids, whereas AS contained higher levels of polysaccharides
and phytol. The combination of doxycycline with these extracts significantly improved
clinical, histological, and biochemical parameters (MPO activity, MDA, GSH, NO levels,
and CAT activity) compared to monotherapies, highlighting a genuine synergistic effect
and offering a promising natural, integrative strategy for controlling IBD relapses.

A comprehensive understanding of the therapeutic potential of A. platensis requires
a detailed exploration of its chemical composition, as the biological efficacy of natural
extracts is inherently linked to their metabolite profiles. Accordingly, the initial focus of this
investigation was placed on the metabolomic characterization of the ethanolic and aqueous
fractions to establish mechanistic correlations between their molecular constituents and the
biological responses observed in vivo.

The chemical characterization of A. platensis extracts (ES or AS) was performed by
GC-MS following derivatization with MSTFA. This crucial step enhances the detection
of polar and thermolabile metabolites such as those containing hydroxyl, carboxyl, and
amine groups [43,44]. MSTFA replaces active hydrogens with trimethylsilyl groups, thereby
increasing the volatility, thermal stability, and chromatographic behavior of these com-
pounds, which otherwise would be difficult to analyze directly by GC-MS [45,46]. This
derivatization strategy, widely validated in plant and microbial metabolomics, allows
accurate profiling of amino acids, organic acids, sugars, and polyols, ensuring high sen-
sitivity and reliability of the analysis [47,48]. The use of ethanol and water as solvents
was chosen to maximize the extraction of a broad spectrum of bioactive compounds, with



J. Xenobiot. 2025, 15, 160

13 of 21

ethanol efficiently extracting non-polar to moderately polar molecules such as fatty acids
and amino acids. In contrast, water targets highly polar compounds like polysaccharides
and terpenoids [49-51]. This dual-solvent approach maximizes the diversity of extracted
metabolites, producing chemically distinct yet biologically relevant extracts suitable for
subsequent in vivo evaluations [49,52,53].

The GC-MS profiles revealed distinct chemical compositions between ES and AS
extracts, reflecting the differential solubility and extraction capacity of the solvents used.
The ES extract was dominated by a complex mixture of fatty acids and amino acids, with
palmitic acid as the most abundant fatty acid, accompanied by significant levels of L-
methionine and D-phenylalanine. These compounds are known for their multifaceted
biological roles, including antioxidant activity and modulation of inflammatory path-
ways [28,54,55]. Methionine, in particular, is a key precursor in the synthesis of glutathione,
a major intracellular antioxidant, while phenylalanine derivatives have been implicated
in immune response regulation [56-58]. Additionally, the detection of 2-O-Glycerol-x-
D-galactopyranoside suggests the presence of glycolipid-like structures, potentially con-
tributing to membrane integrity and cellular signaling involved in anti-inflammatory
processes [59-62]. The richness in these molecules provides a biochemical rationale for the
observed therapeutic effects of the ES in mitigating colitis symptoms.

In contrast, AS extract was dominated by polysaccharides and terpenoid compounds,
including D-Xylopyranose, «,«’-Trehalose, and phytol. The high abundance of sugars and
sugar derivatives is consistent with the hydrophilic nature of the solvent, which efficiently
extracts polar carbohydrates known for their immunomodulatory and prebiotic properties,
key factors in gut health and inflammation control [63-65]. Phytol, a diterpenoid alcohol
identified as a significant constituent, has demonstrated antioxidant and anti-inflammatory
effects, further supporting the biological potential of the aqueous fraction [66-70]. The
complementary chemical nature of both extracts offers a strong rationale for their synergistic
therapeutic effects, particularly when combined with doxycycline, as their distinct bioactive
constituents likely act on multiple convergent pathways to restore intestinal homeostasis.

In light of the multifactorial etiology of IBD, increasing attention is being paid to
therapeutic approaches that simultaneously target immune dysregulation and gut micro-
biota imbalance [71,72]. Among these, antibiotics with anti-inflammatory potential, such
as doxycycline, have shown promise due to their ability to modulate key inflammatory
mediators (e.g., iNOS, TNF-«, IL-17) independently of their antimicrobial action [16,18,20].
However, the long-term use of such agents is constrained by the risk of adverse effects and
microbiome disruption [73,74]. Therefore, combining such agents with safe, natural com-
pounds capable of supporting gut homeostasis and exerting antioxidant, anti-inflammatory,
and prebiotic effects appears as a promising alternative [13,25,75].

In this context, we propose the association of doxycycline with A. platensis extracts as
a novel and effective therapeutic strategy to induce and maintain remission in IBD. The
concentrations of both agents were selected based on prior studies and our own previous
work to ensure optimal efficacy and safety in experimental colitis models [21,31,32]. To
evaluate this hypothesis, a recurrent DNBS-induced colitis model in mice, mimicking the
relapsing and chronic features of human IBD, was employed to assess the individual and
combined efficacy of these treatments. Importantly, no cytotoxicity or adverse clinical
effects were observed, confirming that the observed biochemical and histological outcomes
accurately reflect the pharmacological effects of the treatments. Clinically, the progression
of colitis, assessed through body weight evolution and the DAI, underscored the superior
therapeutic performance of the combined treatment with doxycycline and A. platensis
extracts. Although these two parameters are distinct, they converge in reflecting the sever-
ity of systemic and intestinal damage triggered by DNBS-induced inflammation [76,77].
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The partial protection conferred by either agent alone indicates a moderate therapeutic
effect; however, only the combined treatment produced a sustained attenuation of clinical
symptoms during both the induction and relapse phases. This observation supports a syn-
ergistic mechanism, whereby the immunomodulatory actions of doxycycline are reinforced
by the antioxidant, anti-inflammatory, and epithelial-protective properties of algal bioac-
tives [18,34]. Supporting this, a previous study reported a similar combinatory approach in
which doxycycline was co-administered with Saccharomyces boulardii, resulting in enhanced
protection against colitis recurrence in the DSS-induced chronic model, reinforcing the
relevance of dual-target therapies in chronic intestinal inflammation [21]. Furthermore,
the use of minocycline, a tetracycline analogue, has been shown to alleviate colitis by
mitigating body weight loss in chronic DSS models [21,35]. Similarly, both ethanolic and
aqueous extracts of A. platensis have independently demonstrated the ability to alleviate
clinical symptoms in models of acute and chronic colitis, reinforcing their therapeutic
potential [28,31,32]. Thus, the improved clinical scores observed in the co-treated groups
highlight the therapeutic relevance of this dual strategy for both remission induction and
relapse prevention in experimental colitis.

The protective efficacy of A. platensis extracts against DNBS-induced colonic injury was
further corroborated by macroscopic and histological analyses, which together provide a
comprehensive view of tissue-level preservation and recovery. The colon weight-to-length
ratio, widely recognized as a reliable macroscopic indicator of inflammation-induced
edema and fibrosis, was significantly increased in untreated colitic mice, reflecting severe
structural disruption [31,78]. This increase was only modestly attenuated by doxycycline
monotherapy, consistent with its limited capacity to resolve established tissue remodeling.
In contrast, both ES and AS extracts of A. platensis significantly reduced the ratio, indicating
a notable anti-edematous effect and preservation of colonic structure. Notably, the com-
bined treatments yielded even more pronounced improvements, with ratios approaching
near-normal values, suggesting an additive therapeutic action. These results align with
previous studies reporting that whole spirulina biomass or its derived extracts effectively
reduced this inflammatory marker in both acute and chronic models of colitis, whether
induced by DSS or DNBS [31,32]. Similarly, tetracyclines such as doxycycline and minocy-
cline have demonstrated the capacity to attenuate this ratio in acute TNBS models, albeit to
a lesser extent when used alone, thereby reinforcing the value of combined interventions
targeting both inflammation and tissue damage [21].

This macroscopic preservation was further supported by microscopic observations,
where histological assessment of the untreated colitic group revealed extensive mucosal
damage, crypt distortion, and infiltration by polymorphonuclear and mononuclear cells,
hallmark features of DNBS-induced epithelial injury. While doxycycline monotherapy
offered limited structural recovery, treatments with either ES or AS conferred substantial
histological improvement, notably by reducing submucosal edema, attenuating leukocyte
infiltration, and partially restoring epithelial continuity. These findings are supported
by previous investigations in which A. platensis extracts, whether aqueous, ethanolic, or
methanolic, were shown to ameliorate histological scores in murine models of chemically
induced colitis, through mechanisms involving antioxidant and anti-inflammatory path-
ways [28,31,32,79]. Importantly, the combination of A. platensis extracts with doxycycline
resulted in near-complete normalization of tissue architecture, with preserved crypt struc-
ture and intact epithelium, closely resembling healthy controls. This pronounced effect
further supports a synergistic interaction between the immunomodulatory properties of
doxycycline and the multifaceted bioactivities of spirulina metabolites, including ROS
scavenging, epithelial barrier restoration, and immune modulation [21,29,34,80]. Collec-
tively, these macroscopic and microscopic findings substantiate the enhanced efficacy of
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the combined therapeutic strategy, which targets not only inflammation but also epithelial
integrity, a central component in the pathophysiology and resolution of inflammatory
bowel disease.

The assessment of colonic MPO activity provided valuable biochemical confirmation
of the anti-inflammatory effects observed histologically. As a key enzyme released by
activated neutrophils, MPO is widely recognized as a reliable marker of acute intestinal
inflammation [81,82]. Its elevation in DNBS-induced colitis reflects not only neutrophilic in-
filtration but also the oxidative stress contributing to mucosal injury [82]. In this study, both
A. platensis extracts and doxycycline were able to significantly reduce MPO activity, sup-
porting their individual roles in dampening neutrophil-driven inflammation. Importantly,
two-way ANOVA confirmed a true synergistic interaction for the Dox-ES combination,
whereas the effect of Dox-AS appeared largely additive rather than synergistic. While the
most pronounced reduction was observed in the combined treatment groups, particularly
with Dox-ES, this synergistic effect likely stems from the complementary mechanisms of
action of the two agents, with doxycycline exerting immunomodulatory effects, partly
through inhibition of neutrophil chemotaxis and suppression of pro-oxidant enzymes, and
A. platensis providing antioxidant and anti-inflammatory compounds capable of directly
scavenging ROS and restoring epithelial integrity. Similar reductions in MPO activity
have been reported in previous studies involving Spirulina extracts in models of TNBS
and DSS-induced colitis [28,32]. Likewise, both doxycycline and minocycline have been
shown to reduce MPO activity in TNBS-induced acute colitis, highlighting their capac-
ity to limit leukocyte-mediated oxidative tissue injury [21]. Together, these results rein-
force the therapeutic relevance of combining A. platensis with doxycycline to achieve a
more efficient regulation of neutrophilic inflammation and mucosal protection in chronic
intestinal disorders.

In line with the histological improvements, the modulation of oxidative and nitrosative
stress appears to be a central mechanism involved in the beneficial effects of the treatments.
DNBS-induced colitis led to a significant increase in MDA and nitrite levels, accompanied
by a significant decrease in CAT activity and GSH content, indicating an imbalance in redox
status [77,83-85]. Both A. platensis extracts and doxycycline, when administered alone,
significantly reduced oxidative and nitrosative markers. The combination therapies exerted
even stronger effects, suggesting a complementary mode of action. The two-way ANOVA
analysis confirmed a true synergistic interaction for the Dox-ES combination on both
MDA and NO, indicating a synergistic antioxidant effect for MDA and a synergistic anti-
nitrosative effect for NO, whereas the effect of Dox-AS was synergistic for MDA but largely
additive for NO. The antioxidant protection conferred by both extracts may be attributed
to their specific GC-MS-identified constituents known for their radical-scavenging activity.
In the ES extract, compounds such as L-Methionine, D-phenylalanine, and Palmitic acid
have been reported to modulate oxidative stress responses [58,86]. Similarly, the AS
extract, enriched in D-Xylopyranose, Phytol and «,«’-Trehalose, may contribute to cellular
redox balance through multiple mechanisms, including membrane stabilization and the
quenching of reactive species [69,87-89]. Doxycycline contributed by limiting neutrophil
activation and reducing iNOS expression, consistent with previous findings demonstrating
its ability to decrease nitrite production in LPS-stimulated RAW 264.7 macrophages and in
experimental colitis models (DSS and TNBS), including in association with probiotics [21].
Although the combinations did not significantly enhance the increase in CAT activity
compared to monotherapies, the more substantial restoration of GSH levels indicates a
favorable interaction between the two treatments. However, no significant synergistic
interaction was detected for CAT or GSH, indicating that these improvements are primarily
driven by each treatment individually. This dual mechanism, by reducing ROS production
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and supporting antioxidant defenses, shows the benefit of combining anti-inflammatory
and antioxidant strategies in treating colitis.

The therapeutic effects observed in this study can be attributed to the bioactive compo-
sition and the specific mechanistic actions of each extract. ES extract, rich in methionine and
tyramine, likely exerted anti-inflammatory effects by downregulating key mediators such
as TNF-«, IL-6, and COX-2, while enhancing IL-4 production, thus reducing the immune
response toward a regulatory profile [90,91]. On the other hand, AS extract, characterized
by a high content of phytol and polysaccharides, demonstrated potent antioxidant and anti-
inflammatory activities, as supported by its ability to scavenge free radicals, suppress iNOS
and PGE2 expression, and promote mucosal repair [92,93]. These effects are consistent with
previous reports showing that A. platensis mitigates experimental colitis by modulating
both oxidative and inflammatory pathways [31,32,79,94]. Additionally, doxycycline has
been shown to modulate multiple molecular targets relevant to IBD pathogenesis, including
Th1/Th17 cytokines (IL-12, IL-13, IL-17, TNF-«), cell adhesion molecules (ICAM-1), barrier
integrity proteins (MUC-1, MUC-3), and enzymes such as MMPs and iNOS [21]. The
combination of doxycycline with A. platensis extracts appears to leverage their respective
strengths, doxycycline primarily reducing leukocyte activation and enzymatic tissue degra-
dation, while the extracts enhance antioxidant defense and regulate cytokine signaling,
resulting in a synergistic interaction that effectively attenuates inflammation and oxidative
stress at both cellular and molecular levels.

5. Conclusions

This study underscores the anticolitic effects of combining A. platensis extracts with
doxycycline as a dual-target approach to manage intestinal inflammation. Through inte-
grated chemical profiling and a well-established recurrent colitis model, both ethanolic
and aqueous extracts exhibited significant protection against colitis-induced tissue damage.
Their combination with doxycycline significantly enhanced clinical, histological, and bio-
chemical outcomes in a relapsing colitis setting, pointing to a synergistic interaction that
improves therapeutic efficacy across both acute and relapsing phases of the disease. While
the findings provide strong preclinical evidence for this combinatory approach, further
investigations are needed to delineate the precise molecular pathways involved and to
validate the translational relevance of this strategy in clinical contexts.
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Abbreviations

CD Crohn’s Disease
COX-2  Cyclooxygenase-2
DAI Disease Activity Index

DNBS Dinitrobenzene Sulfonic Acid
GSH Reduced Glutathion
HTAB Hexadecyl-Trimethyl-Ammonium Bromide

IBD Inflammatory Bowel Disease
ICAM-3 Intercellular Adhesion Molecule-1
IL-6 Interleukin 6.

iNOS Inducible Nitric Oxide Synthase
MDA Malondialdehyde.

MPO Myeloperoxydase.

MUC-1  Mucin-1

MUC-3  Mucin-3

NF-«B Nuclear factor kappa B

NO Nitric Oxide.

PGE2 Prostaglandin E2.

PMS Post-Mitochondrial Supernatant.
RNS Reactive Nitrogen Species.

ROS Reactive Oxygen Species.
TNF-oc  Tumor Necrosis Factor-Alpha.
ucC Ulcerative Colitis.
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