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The microbiota plays a vital role in host physiology and 
pathophysiology in health and disease.

‘Microbiota’ is the colonization in humans by trillions of 
bacteria, archaea, fungi, and viruses.  These so-called  
‘commensal’ microbes inhabit all epithelial surfaces, 
including the skin, oral cavity, respiratory and 
gastrointestinal tracts, and the female reproductive tract.  
The digestive tract is home to the largest community of 
bacterial members of the microbiota and is estimated to 
contain more than 100 trillion bacterial cells. Advances 
in next-generation sequencing have led to an explosion in 
our understanding of the diversity and complexity of the 
microbiota in humans in both health and disease.  These 
studies have revealed that individual humans harbor 
a unique consortium of bacterial species with recent 
estimates suggesting that each human gut plays host to 

approximately 200 strains.1 Notably, estimation that the 
‘microbiome’, which is the collection of genes encoded by 
members of the microbiota, contains more than one-hundred 
times more genes than our Homo sapiens genome.2 Taken 
together, these observations have led to the realization that 
the microbiota as a previously-ignored ‘organ’ and that 
humans should be considered a ‘superorganism’ consisting 
of a combination of Homo sapiens cells and our microbiota.

Recent studies have revealed that the microbiota plays 
an essential role in host physiology and pathophysiology 
in health and disease.3-5 The relationship between the 
host and its microbiota is the result of millions of years of  
co-evolution and, therefore, is generally mutually beneficial 

ABSTRACT

The microbiota plays a vital role in host physiology and pathophysiology in health and disease.  One of the primary 
mechanisms by which the microbiota has been shown to affect health is through its chronic interactions with and 
effects on the host immune system. Galectin-3 (Gal-3) is a β-galactoside-binding protein that has a regulatory role in 
immune response and inflammation. The Gal-3 expression also promotes acute dextran sodium sulfate (DSS)-induced 
colitis and plays a critical pro-inflammatory role in the induction phase of colitis by promoting the activation of the 
NOD-like receptor family, pyrin domain containing 3 (NLRP3) inflammasome and production of interleukin (IL)-1β 
in macrophages. PectaSol modified citrus pectin (P-MCP; ecoNugenics, Santa Rosa, CA) is a well-investigated 
characterized compound, derived from citrus peels, that is a competitive inhibitor of extracellular Gal-3.  P-MCP is 
a type of pectic oligosaccharides (POS) that selects for lactobacilli, as well as bifidobacteria. The low molecular 
weight de-esterified structures of P-MCP enhance Shiga toxin (Stx)-producing, food-contaminating Escherichia coli 
anti-adhesive activity. P-MCP demonstrates in vitro antimicrobial activity alone and combination with cefotaxime 
against S. aureus. Finally, P-MCP/alginate complex (MCPA; ecoNugenics, Santa Rosa, CA) combined with living 
probiotic, Lactobacillus acidophilus supplements can be used as probiotic therapy to improve the intestinal lactobacilli 
microbiota in a healthy host.

(i.e., symbiotic).6  However, unhealthy ‘imbalances’ in the microbiota, referred to as dysbiosis, have been associated 
with a multitude of diseases of various etiologies, including inflammatory bowel disease, autoimmunity, obesity, metabolic 
syndrome, and even neurodevelopmental disorders.  One of the primary mechanisms by which the microbiota has been 
shown to influence such conditions is through its chronic interactions with and effects on the host immune system.3

Galectin-3 (Gal-3) is a β-galactoside-binding protein which regulates cell-cell and cell-extracellular matrix interactions 
affecting cell proliferation, migration, adhesion, differentiation, and apoptosis.7  Production of Gal-3 is by predominantly 
macrophages, monocytes, dendritic cells (DCs), eosinophils, mast cells, natural killer (NK) cells, and activated T and B 
cells.8, 9  During the past decade, Gal-3 has attracted the attention of researchers due to its regulatory role in immune 
response, inflammation, and fibrosis.10, 11

The structurally linked biological activities to the C-terminal carbohydrate recognition domain (CRD) and N-terminal domain 
enriched by proline and glycine (collagen-like motif) are responsible for specific interactions and pentamer formation.7  
Moreover, Gal-3 regulates the expression of several regulatory genes12 and forms lattices with cell-surface glycoprotein 
receptors and senses self-derived or pathogen glycoconjugates when located on cell surfaces.13  Indeed, Gal-3 controls 
immune responses through a damage-associated molecular pattern (DAMP) and pathogen-associated molecular pattern 
(PAMP) pathways.14  It can recognize endogenous (‘self’) and exogenous (‘non-self) carbohydrate compounds eliciting 
complex immune and autoimmune responses.15

PectaSol modified citrus pectin (P-MCP; ecoNugenics, Santa Rosa, CA) is a well-investigated characterized compound, 
derived from citrus peels, recommended as an adjuvant therapeutic agent for immune support,16 cancer,17 heavy metal 
toxicity,18 and fibrotic diseases.19  The mechanism of action for the above is competitive inhibition of extracellular Gal-3.  
P-MCP blocks Gal-3 activity by reducing macrophage activity, proinflammatory cytokine expression, and apoptosis, as 
well as lowering inflammatory markers.
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In line with results obtained from Gal-3-/- mice, treatment with the Gal-3 inhibitor GM-CT-01 attenuated  
DSS-induced colitis, ameliorated diarrhea, and rectal bleeding and reduced the loss of body weight (Fig. 2A).  
Findings confirmed by histological analysis. In DSS-treated mice that received inhibitor, the colonic mucosa showed 
slight pathological changes, including a reduced extent of colon damage and reduced infiltration of inflammatory 
cells. The structure of the crypt epithelial cells remained intact, and the histopathological injury scores significantly 
decreased when compared with DSS-treated animals.

Similar to Gal-3-/- mice, activation of inflammasome and production of IL-1β attenuated in DSS + GM-CT-01 mice.  
The expression of NOD-like receptor family, pyrin domain containing 3 (NLRP3) and IL-1β in colons as well as 
serum levels of pro-inflammatory cytokines (IL-1β and TNF-α) (Fig. 2B-D) were significantly lower in DSS-treated mice 
after GM-CT-01 treatment, indicating the vital role of Gal-3 for inflammasome activation in DSS-induced colitis.

Figures 1A-F. Genetic deletion 
of Galectin-3 [Gal-3] attenuates 
dextran sodium sulfate [DSS]-
induced colitis. Water with 3% 
DSS was given to mice for 7 days; 
regular drinking water was fed 
to control mice. Disease Activity 
Index [DAI] scored at Day 7 
using the following parameters: 
weight loss, stool consistency, and 
rectal bleeding [A, B, D]. After 
DSS treatment, the length of the 
entire colon was measured [C]. 
Histological examination was 
performed with haematoxylin and 
eosin [H&E] staining [E]. H&E 
staining images of representative 
colon tissues are shown at the 
same magnifications [100x] [E]. 
Concentration of serum and colon 
cytokines [F]. Data presented 
as mean ± standard error of the 
mean [SEM]; n = 10 mice per 
experimental groups. * p < 0.05, 
** p < 0.001.

Figures 2A-D. Pharmacological inhibition of 
Galectin-3 [Gal-3] markedly attenuated dextran 
sodium sulfate [DSS]-induced colitis. Daily 
weight measurements were obtained for each 
group of mice. Assessment of daily disease 
activity measurements, encompassing weight, 
stool consistency, and presence of blood, was 
performed for each group of mice [A]. Colon 
length measurements for each mouse was 
taken following harvest at Day 7 post DSS 
and are displayed. Representative histological 
images are shown. Interleukin-1 beta [IL-1β] 
and tumour necrosis factor alpha [TNF-α] were 
determined in the supernatant by enzyme-linked 
immunosorbent assay [ELISA] [B]. Percentage 
of expression of NOD-like receptor family, 
pyrin domain containing 3 [NLRP3] and IL-1β 
in colon tissue [C]. Expression of NLRP3 and 
IL-1β in colon tissue of healthy wild type [WT] 
DSS-treated and WT DSS + GM-CT-01-treated 
mice are demonstrated [D]. Values are mean ± 
standard error of the mean [SEM] [n = 10 per 
group]. * p < 0.05, ** p < 0.001.

SELECTED RESEARCH REVIEW
Galectin-3 Plays an Important Pro-inflammatory Role in the Induction Phase of Acute Colitis by 
Promoting Activation of NLRP3 Inflammasome and Production of IL-1β in Macrophages20 

This study used a model of dextran sodium sulfate (DSS)-induced acute colitis. The role of Gal-3 in the pathogenesis 
of this disease was tested by evaluating disease development in Gal-3 deficient mice and the administration of Gal-3 
inhibitor. The condition was monitored by clinical, histological, histochemical, and immunophenotypic investigations.  
All DSS-treated wild type (WT) mice developed severe colitis with similar clinical symptoms. The presence of blood in 
the feces was detected 1 or 2 days after the start of DSS treatment, whereas gross bleeding and diarrhea observed 
from Day 4. Bodyweight loss (> 5%) became prominent after four days of DSS treatment.  The Disease Activity Index 
(DAI) score, bodyweight, and colon shortening were significantly lower in DSS-treated Gal-3-/- mice when compared 
with WT DSS-treated animals (Fig. 1A-D).  

Histological analysis of WT mice revealed that seven days of DSS treatment caused severe inflammation and almost 
complete ulceration of colons. Severe inflammation manifested by significant epithelial cell damage, edema, ulceration, 
extensive crypt drop-out, and massive infiltration of immune cells (Fig. 1E). In contrast, the colon architecture in similarly 
treated Gal-3-/- mice appeared relatively healthy, showing only mild evidence of crypt distortion, widening, and 
inflammation (Fig. 1E).  

Level of pro-inflammatory cytokines (interleukin (IL)-1β and tumor necrosis factor (TNF)-α) were significantly lower in 
sera and colons (IL-1β, TNF-α, and IL-6) of DSS-treated Gal-3-/- mice when compared with WT DSS-treated mice 
(Fig. 1F). Conversely, there were significantly higher levels of transforming growth factor (TGF)-β and anti-inflammatory 
IL-10 in sera and higher expression of IL-10 mRNA in colons of Gal-3-/- mice when compared with WT DSS-treated 
mice (Fig. 1F).  
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Table 1. Bacterial concentrations of the samples obtained from the pH- and temperature-controlled stirred-batch fermentations using POS 1, POS 2, MCP1 
and inulin as carbon sources (Bif164: Bifidobacterium, Erec 482: Eubacterium rectale/Clostridium coccoides, Lab158: Lactobacillus/Enterococcus, 
Bac303: Bacteroides/Prevotella, Ato291: Atopobium cluster, Chis150: Clostridium histolyticum). All numbers are means of five samples ± SD expressed as 
Log10 cells/ml. * Significant increase from 0 h; Alphabetical superscript: significantly different among treatments at the same time point. Values in the same 
row not sharing the same superscript are significantly different (P ≤ 0.05).

Table 2. Anti-adhesion activity of POS samples at different concentrations against E. coli O157:H7 strain ATCC43895 compared to 
untreated control sample. a,b,c,bc,d,e,f,g Indicate significant differences in inhibition of E. coli O157:H7 ATCC43895 adhesion relative 
to the control at different concentrations of the respective samples. 1,2,3,4 indicate significant difference in anti-adhesive activity across all 
the oligosaccharides at one particular concentration based on ANOVA statistical analysis (P < 0.05). All values are the means ± standard 
deviation of results obtained with triplicates.

Pectic oligosaccharide structure-function relationships: Prebiotics, inhibitors of Escherichia coli 
O157:H7 adhesion and reduction of Shiga toxin cytotoxicity in HT29 cells21 

This study analyzed the carbohydrate structures of five different pectic-oligosaccharides (POSs including P-MCP) from 
orange peel, compared their bifidogenic potentials, and investigated their inhibitory effects on the adhesion of E. coli 
O157:H7 (ATCC43895) bacteria to HT29 cells. Also examined was the inhibitory effect of POS on Shiga toxin (Stx) 
cytotoxicity.

Presented in Table 1 are the microbial profiles in the batch cultures (Table 1). Inulin, pectic-oligosaccharide POS1, 
POS2, and MCP1 significantly increased Bif164 numbers, with numbers remaining elevated at 48 h (36 h for POS1) 
compared to time 0. Inulin and POS2 were significantly more bifidogenic than were POS1 and MCP1 throughout the 
fermentation period.  After 24 h of fermentation, inulin was more bifidogenic than was POS2. The bifidogenic properties 
of orange peel POS (OpPOS) were similar to fructo-oligosaccharides (FOS), as reported previously.22  A rise in Lab158 
level was obtained with POS2 through 48 h, inulin through 36 h, and POS1 through 24 h of fermentation.

Previously shown, POS inhibited the adhesion of enteropathogenic E. coli and verotoxigenic E. coli strains to HT29 cells 
by 50%.23 Here, five pectic oligosaccharides (POS1, POS2, OpPOS, MCP1, and MCP2) displayed anti-adhesion 
activity to some degree against the Shiga toxin-producing E. coli 0157:H7 in HT29 cells. These results confirmed the 
previously reported correlation between oligogalacturonic acid content and inhibition of E. coli adhesion,24 since POS1 
had the highest anti-adhesion activity throughout the 0.005 – 5 mg/ml concentration range (Table 2) and it had a 
high galacturonic acid:rhamnose (GalA:Rha) ratio. MCP1 and MCP2 also had high GalA:Rha ratios and exhibited  
anti-adhesion activity equivalent to POS1 in the 0.8-2.5 mg/ml concentration range. These pectic substrates had similar 
monosaccharide compositions, lowest molecular weights, and low degree of esterification, except for POS1, which had 
intermediate degree of esterification, indicating that smaller, deesterified structures are essential for anti-adhesion activity.

Additive Effect of MCP in Combination with Cefotaxime Against Staphylococcus aureus25 

This study investigated the antimicrobial effect of P-MCP against Staphylococcus aureus using forty-three clinical 
isolates of S. aureus obtained from a hospital.  Minimum Inhibitory Concentrations (MICs) and Minimum Bactericidal 
Concentrations (MBCs) were determined using P-MCP after learning its optimum pH activity. The combination of 
P-MCP and cefotaxime investigated with S. aureus isolates using the checkerboard technique.

The MIC and MBC result varied between the different S. aureus strains, and in most cases, the MIC values were 
different from the MBC values (Table 3). The MIC values ranged between 0.39 and 50 µg/µl, whereas the MBC 
values ranged between 3.13 and 50 µg/µl. The highest MIC/MBC combinations observed was with MRSA 
strains (SA0024, SA101, SA102, SA103, SA104, and SA105) where MIC and MBC values were both 50 
µg/µl, except for SA103 that showed values of 25 µg/µl. These strains were MRSA, which was also evident for 
the MIC value obtained for cefotaxime (2 or 4 µg/µl) (Table 3). The MIC90 and MBC90 were both 12.5 µg/µl for 
MSSA strains, whereas they were 50 µg/µl for the MRSA strains. In all the experiments, bacterial growth observed 
for the positive controls with no growth seen for the negative controls.

Table 4 shows the MICs of cefotaxime and MCP in addition to the fractional inhibitory concentration, as determined 
by the checkerboard technique. Two of the 23 tested strains showed a synergistic effect between cefotaxime and 
MCP, while the rest, including the six MRSA strains, showed an additive effect between these two molecules. 
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Table 4. The Effect of the Combination between MCP and Cefotaxime.

Table 3. MIC and MBC values of MCP and Cefotaxime against 43 strains of Staphylococcus aureus.

The effect of modified citrus pectin-probiotic on faecal lactobacilli in Balb/c mice26

This study examined the impact of MCP and encapsulated probiotic, Lactobacillus acidophilus ATCC 4356 
on colon lactobacilli microbiota in healthy Balb/c mice. Mice were orally administered once daily with 
modified citrus pectin alginate (P-MCPA) probiotic, alginate calcium (AC) probiotic, P-MCP, or water for 28 d.  
Fecal lactobacilli count was determined using an automated colony counter imaging station.

The average number of viable fecal lactobacilli count (log10cfu/g) from the P-MCPA probiotic-, AC probiotic-, 
MCP-treated, and control mice are shown in Figure 3. At the initial stage (day 0) of probiotic treatment of the 
mice, a slight variation of fecal lactobacilli count was detected in all the groups, most notably in the MCPA 
group that shows relatively low lactobacilli fecal count compared to the other groups. At day 7 of probiotic 
treatment, the number of fecal lactobacilli in the MCPA probiotic-treated group was significantly increased.  
Conversely, a reduced number of fecal lactobacilli was detected in the AC probiotic-, MCP-treated, and 
control groups, though not significant. At day 14 of probiotic treatment, the viable fecal lactobacilli in the 
MCPA probiotic-treated mice increased progressively.  Also, there was slight increase of fecal lactobacilli 
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count in the AC probiotic-treated and control groups, while further reduction of fecal lactobacilli was 
noted in MCP-treated mice.  For the probiotic treatment at day 28 vs day 0, a significant increase was 
observed in the number of fecal lactobacilli in the MCPA probiotic-treated group only. As regards AC 
probiotic- and MCP-treated groups, there was no significant increase in the fecal lactobacilli count.  No 
variation was observed in the control group and no death of animal.

The highest number of viable fecal lactobacilli during the treatment period was detected in the MCPA 
probiotic-treated mice compared to the AC probiotic-, MCP-treated, and control groups. The findings 
corroborate Yen et al. 27 as the study demonstrates a more significant increase of lactobacilli in the fecal 
samples after consumption of a probiotic.

Figure 3. Average fecal lactobacilli count (log10cfu/g) in mice administered with modified citrus pectin alginate Lactobacillus 
acidophilus ATCC 4356 probiotics (MCPA), alginate calcium Lactobacillus acidophilus ATCC 4356 probiotics (AC), modified citrus 
pectin solution (MCP) and water (control) for 28 consecutive days. Bar represent means for 10 mice per treatment ± SD. Bars with 
different superscripts (a, b) differ significantly (p < 0.05, p < 0.001 respectively) from day 0.

Summary 
Gal-3 expression promotes acute DSS-induced colitis and plays a critical pro-inflammatory role in the 
induction phase of colitis by promoting the activation of NLRP3 inflammasome and production of IL-1β in 
macrophages. Pectic oligosaccharides select for lactobacilli, as well as bifidobacteria. Low molecular 
weight deesterified structures enhance Stx-producing, food-contaminating Escherichia coli anti-adhesive 
activity. MCP demonstrates in vitro antimicrobial activity alone and combination with cefotaxime against  
S. aureus. Finally, MCPA combined with living probiotic, Lactobacillus acidophilus ATCC 4356  
supplements can be used as probiotic therapy to improve the intestinal lactobacilli microbiota in a 
healthy host.   
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