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ABSTRACT

Liver fibrosis due to viral or metabolic chronic liver diseases is a major challenge of global health. Correlating with 
liver disease progression, fibrosis is a key factor for liver disease outcome and risk of hepatocellular carcinoma 
(HCC). Despite different mechanisms of primary liver injury and disease-specific cell responses, the progression of 
fibrotic liver disease follows shared patterns across the main liver disease etiologies. Scientific discoveries within 
the last decade have transformed the understanding of the mechanisms of liver fibrosis. Removal or elimination of 
the causative agent such as control or cure of viral infection has shown that liver fibrosis is reversible. However, 
reversal often occurs too slowly or too infrequent to avoid life-threatening complications, particularly in advanced 
fibrosis. Thus, there is a huge unmet medical need for anti-fibrotic therapies to prevent liver disease progression 
and HCC development. Modified citrus pectin (MCP) is a cutting-edge therapy that has substantial anti-fibrotic and 
hepatoprotective potential. MCP works by inhibiting galectin-3 (Gal-3), a carbohydrate molecule that was recently 
discovered to perform a regulatory role in the IL-33/ST2/IL-13 fibrogenic pathway.

INTRODUCTION
Chronic liver diseases are a major global health burden 
and account for approximately 2 million deaths per 
year worldwide.1 Underlying etiologies in chronic 
liver disease comprise viral (Hepatitis B; HBV and 
hepatitis C; HCV) related chronic liver disease, alcoholic 
steatohepatitis (ASH), and non-alcoholic steatohepatitis 
(NASH), as well as autoimmune and genetic diseases. 
Organ fibrosis characterizes disease progression in 
chronic inflammatory diseases and contributes to 45% 
of all-cause mortality worldwide.2 Similarly, in the liver, 
development of fibrosis mainly determines quality of 
life, as well as prognosis.3 Thus, the level of fibrosis 
correlates with liver function and represents the major 
risk factor for development of hepatocellular carcinoma 
(HCC).4 Moreover, chronic portal hypertension 
due to liver fibrosis is the major cause of clinical 
complications, including hydropic decompensation, and 
bleeding events, as well as hepatic encephalopathy.3 
Consequently, liver cirrhosis is currently the 11th most 
common cause of death in the world.1

Liver fibrosis is characterized by progressive 
accumulation of extracellular matrix (ECM), which 
destroys the physiological architecture of the liver.5 
Pathogenetically, toxic, metabolic, or viral diseases 
lead to damaged hepatocytes and infiltration of 
immune cells that activate trans-differentiation of 
hepatic stellate cells (HSCs) into collagen-producing 

myofibroblasts.6, 7 Physiologically involved in tissue 
repair, upon short-term injury this process is balanced 
by counteracting anti-fibrotic mechanisms resulting 
in inactivation or apoptosis of myofibroblasts and 
scar resolution. In contrast, in chronic liver diseases 
an imbalance of pro-fibrogenic and anti-fibrogenic 
mechanisms causes persistent activation of proliferating, 
contractile, and migrating myofibroblasts that lead 
to excessive production of ECM.6, 7 The liver’s fate to 
either pass into an anti-fibrotic scar-dissolving stage 
or to proceed into an uninhibited fibrosis-promoting 
stage is hereby mainly regulated by non-parenchymal 
cells (NPCs), including Kupffer cells and other immune 
cells.8-10 Thus, hepatocyte apoptosis and release of 
damage-associated molecular patterns (DAMPs) by 
hepatocytes not only activate HSCs directly but also 
induce recruitment and activation of lymphocytes and 
macrophages that contribute to promotion of HSC trans-
differentiation and myofibroblast activation by producing 
pro-inflammatory and pro-fibrogenic cytokines.11, 12 
Distinct macrophage subpopulations on the other hand 
participate in fibrosis resolution due to expression of 
matrix-metalloproteinases (MMPs).13, 14 On the molecular 
basis, a complex network of cytokine-induced signaling 
pathways orchestrate pro-fibrogenic cell interactions. In 
fact, transforming growth factor beta (TGF-β), platelet 
derived growth factor (PDGF), and the inflammasome 
(NLRP3)-caspase-1 pathway, as well as WNT/β-catenin 
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signaling have been suggested 
to be key signaling pathways 
associated with HSC activation 
and fibrosis progression.15-17. The 
general, etiology-independent cell 
interactions involved in fibrosis 
development are depicted in Fig 1.

Currently, there are no FDA-
approved medical therapies for 
NASH or liver fibrosis. There is an 
urgent need for new therapeutic 
approaches that are not only 
effective in ameliorating fat 
accumulation, cell death, and 
inflammation, but also effective at 
reducing or reversing fibrosis.

Galectin-3 (Gal-3), a member 
of a family of proteins which 
have the property of binding to 
terminal galactose residues in 
glycoproteins,18 has been implicated in the pathogenesis 
of liver fibrosis as well as in other organ fibrogeneses. 
Gal-3 null mice are resistant to liver fibrosis due to 
toxin administration,19 lung fibrosis due to bleomycin 
toxicity,20 and kidney fibrosis due to ureteral ligation.21 
Furthermore, Gal-3 is a key regulator of apoptotic 
hepatocyte phagocytosis that induces HSC activation 
and trans-differentiation into myofibroblasts.22 It also 
mediates uptake by liver of lipid oxidation end products 
in NASH.23

Galectin inhibitors are a new class of agents that target 
both secreted and membrane-associated galectins 
by virtue of their high molecular weight.24 They have 
the strongest binding affinity to Gal-3 and disrupt its 
function.24 Belapectin, an inhibitor of Gal-3, has shown 
potent anti-fibrotic effcacy in mouse and rat models 
of liver fibrosis25, 26 and was well tolerated in a phase 1 
clinical trial.27 However, recently published results of a 
phase 2b placebo-controlled clinical study of belapectin 

in patients with NASH and liver fibrosis showed no 
effect on fibrosis following treatment for 52 weeks.28 
The requirement for intravenous administration with 
belapectin is another limitation.

Modified citrus pectin (MCP, PectaSol-C, ecoNugenics, 
Santa Rosa, CA), a natural polysaccharide extracted 
from citrus plants, has been applied in experimental 
studies as a classical Gal-3 inhibitor.29 Whereas 
belapectin is an intravenous injection that may not ever 
make it to market, PectaSol-C is a solution available 
today that has been used safely for over 20 years.

This white paper focuses on two major studies. The first 
highlights the anti-fibrotic and hepatoprotective potential 
of MCP.30 The second discusses the next frontier of Gal-3 
research in liver fibrosis, namely its regulatory role in the 
newly described IL-33/ST2/IL-13 pathway.31

Figure 1. Main mechanisms in liver fibrosis. Chronic hepatocyte injury causes release of damage-
associated molecular patterns (DAMPs) and apoptotic bodies that activate Hepatic stellate cells (HSCs) 
and recruit immune cells. Complex multidirectional interactions between activated HSCs and Kupffer 
cells, as well as innate immune cells promote trans-differentiation into proliferative and extracellular 
matrix (ECM) producing myofibroblasts. Abbreviations: PDGF: Platelet Derived Growth Factor; TGF-β: 
Transforming Growth Factor Beta; CCL2: chemokine (C-C motif) ligand 2.
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Figure 2. Effect of MCP (400, 1200 mg/kg) oral administration on A MDA, 
B GSH, and C SOD tissue levels. D Morphometric measurement of fibrotic 
area in μm. Each bar represents mean ± SEM, n = 6. *** p < 0.001 compared 
with control group; †, ††† p < 0.05, 0.001 respectively compared with CCl4 
group; ψ p < 0.001. Representative histopathology images of liver sections 
showing less necroinflammation and collagen deposition in therapeutic 
model sections. Magnification x100.

SELECTED RESEARCH REVIEW
Modified Citrus Pectin stops progression of liver 
fibrosis by inhibiting galactin-3 and inducing 
apoptosis of stellate cells30

The present study was designed to test the effect 
of MCP on liver fibrosis progression. Fibrosis was 
induced by injecting rats with carbon tetrachloride 
(CCl4) twice a week for 8 weeks. Six groups of animals 
were used. The control group (n = 10) received olive 
oil, while the other five groups (n = 15 each) received 
CCl4 (as described). Concurrently, MCP (400 or 1200 
mg/kg) was administered daily in drinking water from 
the first week in groups I and II (prophylactic model) 
and in the beginning of week 5 in groups III and IV 
(therapeutic model).

Without MCP, the CCl4 injected group showed 
an increase in malondialdehyde (MDA) level (an 
end product of lipid peroxidation) and reduction in 
endogenous hepatic antioxidant capacity (glutathione 
[GSH] and superoxide dismutase [SOD]). This oxidative 
stress caused hepatic tissue injury and vacuolar 
degeneration (Fig 2). As a result, hepatocyte integrity 
was disrupted and serum levels of liver enzymes were 
elevated (Fig 3). Oxidative stress also stimulated various 
inflammatory and profibrogenic pathways including 
induction of collagen gene expression, activation of 
HSCs, and cytokine release (Figs 4, 5). Therapeutic 
administration of MCP conserved hepatocytes and 
normalized levels of hepatic function biomarkers. This 
may have been mediated by an antioxidant effect, 
inhibition of Gal-3-mediated HSCs activation and 
proliferation, and induction of HSCs apoptosis (Fig 6).
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Figure 3. Effect of MCP (400, 1200 mg/kg) oral administration on serum 
activity of A alanine transaminase (ALT), B asparatate transaminase 
(AST), and C alkaline phosphatase (ALP); and serum levels of D laminin 
and E hyaluronic acid in CCl4 intraperitoneally injected rats. Each bar 
represents mean ± SEM, n = 8. *** p < 0.001 compared with control 
group; ††† p < 0.001 respectively compared with CCl4 group; ψ p < 0.05. 

Figure 4. Effect of MCP (400, 1200 mg/kg) oral administration 
on A collagen type I alpha 1 (Col1A1) mRNA, B tissue inhibitor 
metalloproteinase (TIMP)-1 mRNA, C Gal-3 serum level, and D 
Gal-3 homogenate level in CCl4 intraperitoneally injected rats. Each 
bar represents mean ± SEM, n = 6. *, **, *** p < 0.05, 0.01, 0.001 
respectively compared with control group; †, ††† p < 0.05, 0.001 
compared with CCl4 group; ψ p < 0.001. Representative images of 
immunohistochemically stained liver sections showing effect on liver 
tissue expression of E α-smooth muscle actin (α-SMA) and F Gal-3. 
Magnification X 100.
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Figure 5. Effect of MCP (400, 1200 mg/kg) 
oral administration on serum and hepatic 
tissue levels of A α-SMA and B tissue 
inhibitor metalloproteinase (TIMP)-1 in CCl4 
intraperitoneally injected rats. Each bar 
represents mean ± SEM, n = 8. *, **, *** p < 0.05, 
0.01, 0.001 respectively compared with control 
group; ††† p < 0.001 compared with CCl4 group; 
ψ p < 0.001.

Figure 6. Effect of MCP (400, 1200 mg/kg) 
oral administration on serum and hepatic 
tissue levels of A and B caspase-3 (Cas-3); 
and C and D apoptosis related factor (Fas) in 
CCl4 intraperitoneally injected rats. Each bar 
represents mean ± SEM, n = 8. **, *** p < 0.01, 
0.001 respectively compared with control group; 
†, ††† p < 0.05, 0.001 compared with CCl4 
group; ψ p < 0.001.
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Galectin-3 Ablation Enhances Liver Steatosis, but Attenuates Inflammation and IL-33-Dependent Fibrosis in 
Obesogenic Mouse Model of Nonalcoholic Steatohepatitis31

To dissect the role of Gal-3 in fibrotic NASH, Gal-3-deficient (LGALS3-/-) and wild-type (WT, LGALS3+/+) C57Bl/6 
mice were placed on an obesogenic high fat diet (HFD, 60% kcal fat) or standard chow diet for 12 and 24 weeks. 
Compared to WT mice, HFD-fed LGALS3-/- mice developed increased body weight, visceral adiposity (Fig 7) and 
diabetes (Table 1) as well as marked liver steatosis (Fig 8), which was accompanied with higher expression of 
hepatic PPAR-γ, Cd36, Abca-1, and FAS (Table 2). However, as opposed to LGALS3-/- mice, hepatocellular damage, 
inflammation, and fibrosis were more extensive in WT mice (Fig 8), which had an elevated number of mature myeloid 
dendritic cells (DCs, Fig 9), proinflammatory CD11b+Ly6Chi monocytes/macrophages in liver, peripheral blood, 
and bone marrow (Figs 10, 11), and increased hepatic CCL2, F4/80, CD11c, toll-like receptor (TLR)4, CD14, NLRP3 
inflammasome, IL-1β and NADPH-oxidase enzymes mRNA expression (Figs 10, 12). Thus, obesity-driven greater 
steatosis was uncoupled with attenuated fibrotic NASH in Gal-3-deficient mice. HFD-fed WT mice had a higher 
number of hepatocytes that strongly expressed IL-33 and hepatic CD11b+IL-13+ cells (Fig 13), increased levels of 
IL-33 and IL-13 (Fig 14), and upregulated IL-33, ST2 (IL-33R), and IL-13 mRNA in liver compared with LGALS3-/- mice 
(Fig 13). IL-33 failed to induce ST2 upregulation and IL-13 production by LGALS3-/- peritoneal macrophages in vitro 
(Fig 13). Administration of IL-33 in vivo enhanced liver fibrosis in HFD-fed mice in both genotypes, albeit to a lower 
extent in LGALS3-/- mice, which was associated with less numerous hepatic IL-13-expressing CD11b+ cells (Fig 15). 
The present study provides evidence of a novel role for Gal-3 in regulating IL-33-dependent liver fibrosis (Fig 16).

Figure 7. Gal-3 ablation accelerated HFD-induced obesity. Representative images of WT and LGALS3-/- mice after 24 weeks on 
HFD. Representative image of the larger body size of LGALS3-/- vs. WT mice. Representative image of the amount of VAT in WT 
and LGALS3-/- mice. Weight gain (% body weight) and VAT (% body weight). The results are shown as the means ± SEM (n = 5-6 
mice/group/experiment), *p < 0.05, **p < 0.01. The results are representative of two experiments.
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Figure 8. Increased liver steatosis but 
decreased inflammation and fibrosis in 
LGALS3–/– mice compared with WT mice 
on HFD. Representative histochemical and 
immunohistochemical staining of liver sections 
from WT and LGALS3–/– mice on standard diet 
or HFD for 24 weeks. A Gal-3+ cells (40×) and 
mRNA expression. B Oil red O staining (100×). 
Grading of liver steatosis. C Haemotoxylin and 
Eosin (H&E) staining (40×). Grading of liver 
hepatocellular injury (hepatocyte ballooning) and 
inflammation. D Picrosirius red staining (10×). 
Grading of liver fibrosis. E Masson trichrome 
staining (10×). Hepatic mRNA expression for 
procollagen type I. F CD68+ cells (40×). G 
α-SMA+ cells (40×) and mRNA expression. The 
results are shown as the means ± SEM (n = 5-6 
mice/group/experiment). *p < 0.05. The results 
are representative of two experiments.
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Figure 9. Decreased number of DCs in livers 
of LGALS3–/– mice on HFD. Flow cytometric 
analysis of liver mononuclear cells (MNCs) from 
WT and LGALS3–/– mice after 24 weeks of HFD 
or standard diet. A CD11c+ and CD11c+F4/80– 
DCs with representative fluorescence-activated 
cell sorting (FACS) plots and CD11c mRNA 
expression in liver. B Myeloid CD11c+DCs 
(CD11b+CD8a–) and lymphoid DCs (CD11b–

CD8a+) with representative FACS plots. C 
Expression of major histocompatibility complex 
(MHC) class II, CD80, CD86, and CCR7 on DCs. 
The results are shown as the means ± SEM (n 
= 5-6 mice/group/experiment). *p < 0.05. The 
results are representative of two experiments.
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Figure 10. Gal-3 deficiency attenuated HFD-induced recruitment 
of proinflammatory monocytes/macrophages in liver. Flow 
cytometric analysis of liver MNCs. A CD11b+Ly6ChiLy6G– cells with 
representative FACS plots. B Proinflammatory macrophages with 
representative FACS plots. Hepatic mRNA expression for F4/80, 
CCL2, tumor necrosis factor (TNF)-α, interleukin (IL)-6, NLRP3, caspase-1 
and IL-1β. D M1 (F4/80+CD11c+CD206–) and M2 (F4/80+CD11c–

CD206+) macrophages. E Hepatic mRNA expression for Nox2, p22phox, 
p47phox, and p65phox. The results are shown as the means ± SEM (n = 
5-6 mice/group/experiment). *p < 0.05. The results are representative 
of two experiments.

Figure 11. Decreased number of mature DCs and proinflammatory 
monocytes in peripheral blood and bone marrow in Gal-3 deficient 
mice on HFD. Peripheral blood and bone marrow cells were analyzed in 
WT and LGALS3-/- mice on HFD or standard diet for 12 weeks. A Lower 
proportions and number of CD11c+ DCs and mature myeloid DCs in 
peripheral blood and bone marrow of LGALS3-/- mice on HFD. B Lower 
proportions of proinflammatory monocytes in peripheral blood and 
bone marrow of LGALS3-/- mice on HFD. The results are shown as the 
means ± SEM (n = 5-6 mice/group/experiment). *p < 0.05, **p < 0.01.
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Figure 12. Gut inflammation and systemic endotoxin levels. Gut 
inflammation and endotoxin levels were analyzed in WT and LGALS3-/- 
mice on HFD or standard diet for 12 weeks. A H&E staining (x40). 
Grading of gut inflammation. B Plasma endotoxin levels (UE/ml). C 
Hepatic mRNA expression of TLR4 and CD14 in WT and LGALS3-/- mice 
on HFD or standard diet for 24 weeks. The results are shown as the 
means ± SEM (n = 5-6 mice/group/experiment). *P < 0.05.

Figure 13. IL-33 expression in liver in mice on HFD. Effects of IL-33-
stimulated macrophages in vitro. Representative immunohistochemical 
staining of liver sections and flow cytometric analysis of liver myeloid 
cells and IL-33 stimulated peritoneal macrophages. A IL-33+ cells (40×). 
B Hepatic mRNA expression of IL-33, ST2, IL-13 and TGF-β. C IL-13 
expressing CD11b+ myeloid cells in livers of HFD or standard diet fed 
WT and LGALS3–/– mice for 24 weeks. D Dose-dependent increase 
in the percentage of CD11b+ST2+ and CD11b+IL-13+ macrophages in 
response to in vitro stimulation with IL-33 (20, 50, and 100 ng/ml). E 
IL-13 levels in supernatants. The results are shown as the means ± SEM 
(n = 5-6 mice/group/experiment). *p < 0.05, **p < 0.01. The results are 
representative of two experiments.
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Figure 15. Gal-3 deficiency attenuates IL-33-induced liver fibrosis in mice on HFD. The effects of in vivo administered IL-
33 in mice fed HFD for 12 weeks. A H&E staining (40×). Grading of liver inflammation. B Picrosirius red staining (10×). 
Grading of liver fibrosis. C CD11b+ST2+ and CD11b+IL-13+ cells in liver. The results are shown as the means ± SEM (n = 
5-6 mice/group/experiment). *p < 0.05, **p < 0.01.

Figure 14. Proinflammatory and profibrogenic cytokines. Cytokines were analyzed in WT and LGALS3-/- mice on HFD 
or standard diet for 24 weeks. A Cytokine levels in the liver homogenates. B Cytokine levels in sera. The results are 
shown as the means ± SEM (n = 5-6 mice/ group/ experiment). *p < 0.05, **p < 0.01. The results are representative of 
two experiments.
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SUMMARY 
MCP can attenuate liver fibrosis through an antioxidant effect, inhibition of Gal-3-mediated HSC activation, and 
induction of apoptosis. Its effects on Gal-3 are highly relevant given the galectin’s newly uncovered role in the 
fibrogenic IL-33/ST2/IL-13 axis.

Figure 16. Gal-3 differentially regulates 
steatosis, liver inflammation, and fibrosis in an 
obesogenic mouse model of fibrotic NASH. In 
Gal-3-deficient mice, obesogenic HFD increased 
adiposity and steatosis, but liver inflammation 
and fibrosis were attenuated compared with 
WT mice. Reduced hepatic fibroinflammatory 
response in LGALS3–/– mice was associated with 
less numerous proinflammatory mature myeloid 
DCs, CD11b+Ly6Chi and F4/80+CD11b+CD11c+ 
macrophages, and lower expression of CCL2, 
NLRP3 inflammasome, IL-1β, IL-33, ST2 and 
IL-13 in liver. Events proposed in the scheme 
are supported by in vitro data showing that, 
in contrast to WT cells, LGALS3–/– peritoneal 
macrophages failed to upregulate ST2 expression 
and IL-13 production in response to IL-33 
stimulation, and also in vivo data showing that 
administered IL-33 enhanced liver fibrosis in both 
genotypes on HFD, but to a significantly lower 
extent in the absence of Gal-3.
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