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Modified citrus pectin (MCP) has a low-molecular-weight degree of esterification to allow absorption from the small

intestinal epithelium into the circulation. MCP produces pleiotropic effects, including but not limited to its antagonism of

galectin-3, which have shown benefit in preclinical and clinical models. Regarding cancer, MCP modulates several rate-

limiting steps of the metastatic cascade. MCP can also affect cancer cell resistance to chemotherapy. Regarding fibrotic

diseases, MCP modulates many of the steps involved in the pathogenesis of aortic stenosis. MCP also reduces fibrosis to

the kidney, liver, and adipose tissue. Other benefits of MCP include detoxification and improved immune function.
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1. Introduction

Citrus pectin is a soluble dietary fiber derived from the white pith of citrus fruit peels. Pectin is a large and complex

molecule in its natural form, weighing 60–300 kilodalton (kDa), and containing a variable degree of (as much as ~70%)

esterification. Pectins are a family of covalently linked galacturonic acid-rich polymers, with three identified central pectic

polysaccharides regions: homogalacturonan (HG), rhamnogalacturonan-I (RG-I), and substituted galacturonans (GS).

Among the GS is rhamnogalacturonan-II (RG-II), which is distinct from RG-I. RG-II has four types of structurally different

oligosaccharides chains composed of 12 kinds of glycosyl residues  (Figure 1). Native pectin is not degraded during

human digestion, and its large size prevents intestinal absorption . However, when citrus pectin is modified (MCP) with

a specific pH and heat-controlled enzymatic treatment to yield a product with a low molecular weight of <15 kilodaltons

(kDa) and a degree of esterification under 5%, it can be absorbed from the small intestinal epithelium into the circulation

.

Figure 1. Schematic representation of pectin structure. AG, arabinogalactan; HG, homogalacturonan; RG,

rhamnogalacturonan; XG, xylogalacturonan. It is reproduced with permission under a Creative Commons Attribution

License (CC BY 4.0) https://creativecommons.org/licenses/by/4.0/ from Leclere, L.; Cutsem, PV.; Michiels, C.; Anti-cancer

activities of pH- or heat-modified pectin. Front Pharmacol. 2013 Oct 8; 4:128 .

2. Galectin-3

Most biomedical reports of MCP focus specifically on its antagonism of galectin-3 (Gal-3). Located in the nucleus,

cytoplasm, outer cell surface, and extracellular space, Gal-3 is a member of a β-galactoside-binding lectin family .
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Galectin-3 is a unique chimeric galectin containing a single carbohydrate recognition domain (CRD) of 130 amino acids at

the COOH terminal with a unique 12 amino acid NH2-terminal domain (NTD). The CRD also contains what has been

referred to as the anti-death motif or Asp-Trp-Gly-Arg (NWGR) due to sequence similarity to anti-apoptotic B-cell

lymphoma-2 (Bcl-2) protein . In the NTD, the serine 6 can be phosphorylated by casein kinases 1 and 2, contributing to

nuclear translocation and a reduction of affinity to its ligands. Connecting the CRD and the NTD is a collagen-like

sequence (CLS) domain consisting of about 100 amino acids and contains a Pro-Gly-Ala-Tyr-rich repeat motif. This long

tail allows for unique pentameric oligomerization and contains the collagenase cleavable H-domain (Figure 2) .

Galectin-3 plays a prominent role in the progression of cancer and fibrotic diseases .

Figure 2. Structure of Gal-3. (A) Gal-3 protein structure consists of an N terminal Domain (NTD), which has an N terminal

region of 12 amino acids (aa) and contains a serine 6 (S) phosphorylation site. The carbohydrate recognition domain

(CRD) of 130 aa comprises the C-terminal and contains the anti-death motif or Asp-Trp-Gly-Arg (NWGR); (B) Pentameric

structure of Gal-3. Reproduced with permission under a Creative Commons Attribution License (CC BY

4.0) https://creativecommons.org/licenses/by/4.0/. Clementy, N.; Piver, E.; Bisson, A.; André, Clémentine, A.; Bernard, A.;

Pierre, B.; Fauchier, L.; Babuty, D. (2018). Galectin-3 in Atrial Fibrillation: Mechanisms and Therapeutic Implications. Int J

Mol Sci. 2018 Apr; 19(4): 976 .

Regarding the former, the damaging effects of Gal-3 are due to its ability to accelerate the rate-limiting steps of metastasis

. Regarding the latter, the detrimental effects are due to its ability to bind matrix proteins such as cell surface receptors

(integrins), collagen, elastin, and fibronectin and form cross-linking lattices in the extracellular matrix (ECM) . Modified

citrus pectin is abundant in β-galactose , which allows it to bind tightly to Gal-3 and modulate its bioactivity .

3. Cancer

Most of the morbidity and mortality associated with cancer is caused by metastasis, which is the migration of cancer from

the site of primary tumor growth to distant organs and tissues. The metastatic cascade contains several rate-limiting steps

that are modulated by Gal-3 and, in turn, by MCP as well . The first step for neoplastic cells is to survive apoptosis that

is associated with the loss of anchorage (anoikis) following escape from the primary tumor and intravasation. Galectin-3

protects cancer cells from anoikis  by causing a cell cycle arrest at the late G1 phase, which is an anoikis-insensitive

point . MCP has been shown to downregulate cyclin B and cdc2 in human prostatic JCA-1 cells , which may cause

an accumulation of cancer cells in G2/M, thereby inducing apoptosis.

The next rate-limiting step in metastasis involves tumor cell arrest in distant organ microvasculature. Galectin-3 has been

shown to mediate metastatic cell adhesion to the endothelium . MCP was demonstrated to inhibit tumor cell
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adhesion to the endothelium as well as cancer cell homotypic aggregation involved in metastatic cell arrest in distant

organs and the formation of intravascular metastatic deposits .

The third rate-limiting step in metastasis involves a forking point where tumor cells can either proliferate inside organ

microvessels until the metastatic tumor outgrows the blood vessel and invades distant organ parenchyma , or

extravasate before starting secondary tumor growth. Invasive propensity involves a series of tumor cell interactions with

ECM proteins associated with the basement membrane and target organ stroma. MCP has been shown to reduce Gal-3-

mediated tumor cell interactions with ECM proteins such as laminin . Also, citrus pectin polysaccharides dose-

dependently decreased the invasion through matrigel of human endothelial cells , of MDA-MB-231 human metastatic

breast carcinoma cells , and human buccal metastatic cells .

4. Fibrotic Diseases
4.1. Aortic Stenosis

Many of the steps involved in the pathogenesis of aortic stenosis (AS) are modulated by Gal-3 and, therefore, presumably

also by MCP . Galectin-3 transforms quiescent fibroblasts into myofibroblasts that produce and secrete matrix proteins

such as collagen . Galectin-3 also affects collagen maturation and cross-linking . It also stimulates pro-

inflammatory mediators . In human cardiac fibroblasts, Gal-3 increases the production and secretion of interleukin

(IL)-1β, IL-6, monocyte chemoattractant protein-1, collagen type I and type III, and fibronectin . It also increases the

activity of metalloproteinases-1, -2, and -9 . Treatment with MCP abrogates these effects. In the vasculature, Gal-3

promotes arterial stiffness by enhancing the production and secretion of pro-fibrotic and pro-inflammatory markers in

vascular smooth muscle cells . Again, MCP reverses this effect. In endothelial cells, Gal-3 enhances the expression of

inflammatory factors, chemokines, and adhesion molecules . Galectin-3 also affects the cell surface expression and

activation of vascular endothelial growth factor receptor 2 in human endothelial cells, which contributes to plasma

membrane retention and promotes angiogenesis . In interstitial valve cells from the aorta, Gal-3 enhances the secretion

of inflammatory and fibrotic mediators and increases the expression of calcification mediators . The administration of

MCP prevents these effects. MCP also prevented an increase in cardiac Gal-3, and normalized histological and molecular

alterations in short-term AS .

4.2. Additional Cardiovascular Effects

Galectin-3 inhibition with MCP prevented cardiac inflammation and fibrosis associated with an excess of aldosterone

levels independently of blood pressure levels . Galectin-3 antagonism with MCP and aldosterone opposition reversed

isoproterenol-induced left ventricular systolic dysfunction, thereby preventing the development of myocardial fibrosis in

this mice model with selective cardiac hyperaldosteronism . Blockade by MCP in a pressure overload-induced model,

which increases Gal-3, showed amelioration of media thickness, fibrosis, and inflammation in aortic valve calcification .

It also reduced the size of atherosclerotic lesion areas by inhibiting the adhesion of leukocytes to endothelial cells .

Furthermore, MCP inhibited Gal-3 and decreased experimental abdominal aortic aneurysm development . MCP

reduced cardiac lipotoxicity and ameliorated cardiac mitochondrial damage in an obesity model . Also, MCP restored

the levels of cardiac peroxiredoxin-4 as well as prohibitin-2 levels and improved oxidative status . Neurological

impairments were prevented with MCP on post-aneurysmal subarachnoid hemorrhage, suggesting pleiotropic

neuroprotective action, such as anti-neuroinflammatory and anti-apoptotic effects, beyond protecting the blood-brain

barrier through inhibiting Gal-3 . Inhibition mediated by the MCP of Gal-3 in mice prevented the pro-fibrotic and pro-

inflammatory effects of cardiotrophin-1 . Furthermore, MCP and perindopril comparably improved ischemic heart failure

by downregulating Gal-3 and reducing myocardial fibrosis . The blockade of Gal-3 with MCP prevented cardiac fibrosis,

inflammation, and functional alterations .

4.3. Kidney

In a model of experimental acute kidney injury, all folic acid-treated mice lost weight while their kidneys enlarged

secondary to the renal insult; MCP significantly lessened these gross changes, but this was not associated with changes

in Gal-3 expression . Via its blocking action on Gal-3, MCP protected against aldosterone-induced cardiac and renal

fibrosis and dysfunction . The inhibition of Gal-3 normalized renal Gal-3 levels as well as functional, histological, and

molecular alterations in an obese and AS model, preventing renal fibrosis, inflammation, and damage with MCP treatment

. Moreover, MCP attenuated early renal impairment in spontaneously hypertensive rats as indicated by reduced

albuminuria, improved renal function, and decreased renal fibrosis, epithelial-mesenchymal transition, and inflammation

.
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4.4. Additional Fibrotic Diseases

In a model of diet-induced obesity, MCP prevented adipose tissue fibrosis, inflammation, and the increase in adipocyte

differentiation markers despite not affecting body weight, adipose tissue weights, or adiposity . Liver fibrosis was

alleviated with MCP and aided in hepatic regeneration, which may be mediated by an antioxidant effect .

5. Detoxification

To date, MCP has been used in four clinical studies of detoxification. Treatment with MCP increased urinary excretion of

lead, arsenic, and cadmium in healthy volunteers, without side effects or depletion of essential elements . In a case

study of five patients, there was an average of 74% reduction in lead or mercury without side effects with the use of MCP

alone or with a MCP/alginates combination . Treatment with MCP dramatically decreased the levels of lead in blood

and increased the levels of lead in urine in children hospitalized with lead toxicity . Fecal uranium excretion was

promoted by MCP/alginate supplement without side effects in a family with low-level chronic exposure from their

environment and diet .

6. Immune Function

There are many reports of various effects on immunity with MCP. There was significant activation of T-cytotoxic and

natural killer (NK) cells in blood cultures by MCP, and the NK-cells demonstrated functionality against K562 leukemic cells

in culture. The presence of a low degree of methyl esterification and flexible low-molecular-weight pectin polymer enriched

in saturated and unsaturated oligogalacturonic acids appear to be the immunostimulatory carbohydrates in MCP . An

additive effect of MCP in combination with cefotaxime against all six methicillin-resistant Staphylococcus aureus (MRSA)

strains has been shown . Honokiol, a purified extract from magnolia bark used in traditional Asian medicine and MCP,

has been shown to have synergistic antioxidant activity and anti-inflammatory effects . There was an inhibition of toxin-

producing Escherichia coli adhesion and reduced Shiga toxin cytotoxicity with MCP . Furthermore, MCP co-

administration with live probiotic L. acidophilus ATCC 4356 supplement helped maintain or improve the integrity and

population of the intestinal microbiota . Finally, MCP has an immunomodulatory effect on the levels of cytokine

secretion in the spleen of mice, which may be regulated by IL-4 .

7. Other Galectin-3 Inhibitors

There are other laboratory MCPs prepared by just heat and pH treatment. Heat by autoclaving MCP induced cell death in

HepG2 and A549 cells. The induced cell death was different from classical apoptosis because there was no DNA

cleavage . Also, the delivery of autoclaved MCP reduced plaque volume in apolipoprotein E-deficient mice . Renal

cell carcinoma cells cotreated with autoclaved pectin and arsenic trioxide demonstrated increased apoptosis .

Synergistic treatment with S-trans, transfarnesylthiosalicylic acid and pH modified citrus pectin inhibited anaplastic thyroid

cells proliferation in vitro by inducing cell cycle arrest and increased apoptosis rate . pH modified citrus pectin also

reduced the growth of solid tumors in balb-c mice .

Several Gal-3 inhibitors are also in pharmaceutical development. An injectable MCP in pharmaceutical development now

abandoned called GCS-100 induced apoptosis in acute myeloid leukemia cells . It also removed cell-surface Gal-3

from CD45, thus rendering diffuse large B-cell lymphoma cells susceptible to chemotherapeutic agents . GCS-100 also

detached Gal-3 from tumor-infiltrating lymphocytes and improved the cytotoxicity and secretion of different cytokines .

Furthermore, GCS-100 induced the inhibition of proliferation, the accumulation of cells in sub-G1 and G1 phases, and

apoptosis with the activation of both the caspase-8 and -9 pathways . GCS-100 enhanced calpain activation, which

reduced the proapoptotic effect of Gal-3 .

Another Gal-3 inhibitor in pharmaceutical development is an inhalable formulation called TD139, a thiodigalactoside

derivative. This inhibitor abrogated the susceptibility to natural killer T-cell-dependent hepatitis . Pretreatment of wild-

type C57BL/6 mice with TD139 lowered liver injury and led to milder infiltration of interferon-gamma and interleukin (IL)-17

and -4-producing cluster of differentiation (CD)4(+) T cells, and an increase in the total number of IL-10-producing CD4(+)

T cells and F4/80(+) CD206(+) activating macrophages, and prevented the apoptosis of liver-infiltrating mononuclear cells

. TD139 blocked transforming growth factor-β-induced β-catenin activation in vitro and in vivo and lowered the late-

stage progression of lung fibrosis after treatment with bleomycin .

Other pectin carbohydrate-based galectin inhibitors in drug development, injectables GR-MD-02 (galactoarabino-

rhamnogalacturonan) and GM-CT-01 (galactomannan) resulted in a lowering of fibrosis with the reduction in the portal
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and septal Gal-3 positive macrophages and reductions in portal pressure . The treatment resulted in sharp

improvement in liver histology, with a significant decrease in non-alcoholic steatohepatitis (NASH) activity and collagen

deposition; GM-CT-01 had an intermediate effect between the vehicle and GR-MD-02 .
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