UC San Diego
UC San Diego Previously Published Works

Title
Cystic fibrosis: impaired bicarbonate secretion and mucoviscidosis.

Permalink
https://escholarship.org/uc/item/0hgOw4du

Journal
Lancet, 372(9636)

ISSN
1474-547X

Author
Quinton, Paul M

Publication Date
2008-08-02

Peer reviewed

eScholarship.org Powered by the California Diqital Library

University of California


https://escholarship.org/uc/item/0hg0w4dv
https://escholarship.org
http://www.cdlib.org/

Quinton

Published: P.M. Quinton. Cystic fibrosis: impaired bicarbonate secretion and mucoviscidosis.
Lancet. 2008 Aug 2;372(9636):415-7.

Impaired Bicarbonate Secretion causes Mucoviscidosis in Cystic Fibrosis

Paul M. Quinton, Ph.D.

Professor

Nancy Olmsted Chair in Pediatric Pulmonology
Department of Pediatrics, UCSD School of Medicine, and
Biomedical Sciences, UCR

9500 Gilman Dr.

La Jolla, California 92093

pquinton@ucsd.edu

1-619-543-2884

Assurances:

The author assures that this manuscript is the sole work of the corresponding author who
is responsible for its content and has no conflicting interests in its publication for
financial benefit or material gain and that nothing contained herein warrants ethics review

by an Internal Review Board for human or animal use.



Quinton



Quinton

ABSTRACT:

Is mucus in CF actually dehydrated? For more than 20 years it has been widely
assumed that the abnormally thick mucus (mucoviscidosis) in Cystic Fibrosis (CF) is
linked to the genetic defect in the CFTR CI' channel by assuming that mucus is
“dehydrated” due to basic defects in CI" dependent fluid transport. This widely held
explanation is inconsistent with known physiological properties and functions of
affected organs in CF. During the process of releasing highly condensed mucins
from intracellular granules, Ca™ and H" cations must be removed from condensed
mucins to enable them to expand by as much as 1000 fold into extracellular mucus-
gel networks. Over the past several years, it has become apparent that HCO3”
transport is also defective in CF. We propose that HCOj' is crucial to normal mucin
expansion because it complexes with these cations. Thus, because HCOj3™ secretion is
defective in CF, mucins in CF target organs tend to remain aggregated, poorly
solubilized, and less transportable. If the hypothesis is valid, mucus pathogenesis in

CF may be due as much or more to defective HCOj3™ than to defective CI transport.
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Over the past half century, the term “Mucoviscidosis” has been almost completely
abandoned in favor of “Cystic Fibrosis” (CF) despite the fact that the pathology of this
disease begins with mucus that plugs airways, blocks gland ducts, and obstructs lumina
of hollow organs (1, 2). However, the mutations causing CF are in a gene that codes
irrefutably for a membrane protein that conducts CI'. These two facts present a long-
standing conundrum in CF, which asks how a basic defect in anion transport can translate

into devastatingly pathogenic mucus.

Since mucus was first implicated in CF, a number of hypotheses have been
advanced to explain the characteristically thick mucus or ‘mucoviscidosis’ (1). It was
first thought that CF mucus was abnormally synthesized, but numerous investigations of
CF mucus have uncovered little to indicate any unique composition. Changes in sulfation
and fucose to sialic acid ratios in CF mucus were reported early(3), but these changes
seem most likely to be a normal response to increased infection and/or inflammation (4,
5). Additionally, mucus composition is probably not primarily abnormal in CF because
different target organs predominantly express different mucins; e.g. MUCSAC in airway
epithelia (6, 7), MUCS5B in submucosal glands (7), MUC?2 in intestine(8), MUCS5B in
cervix (9), etc. Yet, the physical properties of all these different mucins are abnormal in
CF. Wherever they are produced in CF target organs, mucins tend to aggregate and
immobilize so as to obstruct ductal and luminal passages, strongly implying that it is not
mucus per se that is abnormal, but the manner and conditions under which mucins are

released that results in this common pathogenic fate.

Presently, it is almost universally assumed that CF mucus is thick and sticky
because it is “dehydrated”, and two general concepts have evolved to explain the lack of
water. First, from observations in the airways and airway-derived cells, fluids are
reported to be hyper-absorbed by epithelia from the media into which mucins are secreted
and therefore cannot be adequately hydrated (10). While this rationale may seem
consistent with airways, it is very difficult to extend to other organs such as the pancreas

or biliary tree where fluid absorption does not occur in either normal or CF phenotypes.



Quinton

Second, dehydration is also ascribed to hypo-secretion of fluids (11, 12). However,
hypo-secretion tacitly assumes that mucins once secreted are without access to fluid,
which seems doubtful since the secretory epithelia of most, if not all, affected organs are
highly permeable to water. Thus, even though active fluid secretion is compromised, the
Donnan forces of secreted polyanionic mucins should, in time, osmotically attract
sufficient fluids to accommodate hydration. In fact, post secretory Donnan swelling may
well be a significant component of the dilation seen in blocked ducts and lumens in
mucus secreting glands in CF (1, 13) resulting in a kind of “bronchiectasis” of the gland.
This is not to say that secreted fluids are not important to transport hydrated mucins from
gland lumens and other compartments, but simply that thick mucus cannot in general be

due to a lack of water.

We submit that another factor must be involved. A telling clue comes from the
pancreas, which based on pancreatic sufficiency and insufficiency gives the best-known
segregation of genotype with phenotype in terms of disease severity in CF. Notably, the
pancreas is the organ of HCOs' secretion and almost inescapably indicts this anion in
pathogenesis. While evidence is not absolute or overwhelming (likely because studies of
the HCO;™ anion have been comparatively neglected (14), there is good evidence that a
HCO;j transport defect parallels the much more widely studied and acknowledged defect
in CI transport. In fact, in addition to the pancreas, a defect in HCO;" transport can either

be demonstrated or strongly implicated in target organs of CF (15).

Still, how can a loss of HCO3' cause thick mucus? Normally, gel-forming mucins
begin as huge, highly condensed macromolecules (10° — 10® Daltons) in intracellular
granules that are released during exocytosis to form immensely expanded polyanionic
polymers that protect the apical surfaces of epithelial tissues. These enormous molecules
are compacted and stored intracellularly as granules, with very high concentrations of
Ca"™ (>200 mM) and H' (pH < 6). These cations shield the repulsive forces of fixed
negative charges on mucins to prevent their expansion by as much as 1000 fold, as occurs
in forming mucus gels. Ca"" also forms electrostatic divalent bridges between fixed

negative charges that further stabilize mucins and oppose expansion (16-18).
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To expand when the granule is secreted, the anionic sites must be unshielded by
removing Ca’ and H'. Unshielding exposes the mutually repulsive electrostatic forces
of the fixed negative charges so that massive mucin expansion occurs within 1-2 sec or
less of granule release(18, 19), demanding an extremely efficient removal of shielding
cations. Current theory holds that the unshielding of mucin anions occurs as a function of
exchanging Ca™ and H" with K" and Na" (20). In CF, it is difficult to envision a paucity
of these ions in any fluid into which mucins are released. Therefore, we propose that the
other factor required to form normal mucus is HCO;5". That is, once the granule is
released, HCO; is critical to sequester Ca' and H' away from the mucin anions by
complexing with them. In short, secreted HCO; and its equilibrium form, CO5™, react
with condensed mucins to form H,CO3, CaHCO;", and CaCOs and reduce the activity of
Ca"" and H' in the mucin solution. Once unshielded, the electrostatic anionic forces
rapidly expand the mucin macromolecules. There are no other anions of significance in
secreted fluids capable of effectively complexing these cations. The only other
significant anion, Cl-, cannot buffer H' or chelate Ca"" because both HCl and CaCl2 are
highly dissociable. It may be important to note that both lower pH and higher Ca"™
concentrations dramtically slow the rate of swelling of released granules; i.e., mucin

expansion (18).

We hypothesize that in CF the lack of secreted HCOs™ in the extracellular medium
of mucins during “exocytotic birth” impairs calcium removal, prevents normal mucin
expansion, and promotes stasis of mucus in the ducts or on the luminal surfaces of
affected organs (Fig. 1). It is of note that the contents of pancreatic granules secreted
from acinar cells require HCOs" to disaggregate (21) and that CF secretions generally
contain elevated [Ca""]. This is not to say that mucins in CF do not expand or that no
Ca'" is removed from them, but simply that the process is impaired by the lack of HCO;".
We do not exclude the possibility that pH changes associated with altered HCO3;™ may
have far-reaching and deleterious effects in CF, but we propose that excessive Ca™ and

H+ remaining in mucus will diminish expansion and render mucins less transportable due
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to increased electrostatic cross linking within extrinsic mucins in mucus gels as well as

with intrinsic mucins of the cell membrane.

Validating this hypothesis should require that the absence of (secreted) HCOs™ in
the medium of normally secreted mucin granules results in 1.) slowed and incomplete
expansion of mucus, 2.) abnormally viscous and tenacious mucus, and probably 3.)
elevated mucus Ca™" content. In contrast, under conditions that would assure secreting
mucins into fluid with ample HCO3", CF epithelia should release virtually normal mucins
with normal expansion kinetics and viscoelastic properties. It is of some concern that we
do not know how pronounced these effects might be. It is clear that many exocrine and
respiratory units of tissue function in CF patients over long periods (years) so that the
disturbance may be subtle and benign until reaching a threshold that precipitates a

pathogenic event.

A measure of mucin expansion kinetics from granules might be obtained from
mucins tagged by integrating a green fluorescent protein (GFP) into the mucin gene(22).
Such insertions might, however, disrupt normal mucin behavior. Alternatively, the
dilution of closely associated companion molecules such as tagged trefoil peptides might
be monitored to follow expansion. Since mucus properties easily change with time and
condition, quantitative evaluations of viscoelastic properties will likely require study of
intact mucus secreting epithelia and may well require developing new techniques to
collect, quantitate, and assay micro specimens of pure mucus secreted from native tissues

ex vivo.

If this hypothesis is valid, it should not only change our concepts of the pathogenesis of
CF, but it should also provide a basis for new approaches to managing abnormal mucus

in other diseases as well. For example, it is sobering to consider that new drugs now
entering clinical trials that promise to correct CI transport in CF may not be therapeutic if
the mutant protein cannot transport HCOj;™ adequately, so that “Mucoviscidosis” would
persist. Finally, the hypothesis may explain the general observation that physiologically

mucins always appear to be secreted simultaneously with HCOs'.
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Fig 1. The schematic depicts transition of compacted mucins in intracellular granules in
the present of HCOj3™ into highly expanded mucus (“Normal”) in contrast to the impaired
expansion of mucins in the absence of HCO3™ in CF (“Mucoviscidosis”). HCOs™ chelates
Ca'" from the anionic mucin sites, exposing their negative charges, which induce rapid
molecular expansion by electrostatic repulsion. Without HCO;", Ca™" removal is
compromised, divalent bridging persists, negative charges remain shielded, and mucus

expansion and transportability is impaired.
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