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Abstract. Short-chain fatty acids (SCFAs) are the
predominant luminal anion in the mammalian colon.
Although they are rapidly absorbed in vivo, little
is known about the mechanisms of transepithelial
transport in vitro. Previous studies have suggested
that SCFA transport may be linked to Na absorption
or an anion exchange mechanism. We compared the
transport of propionate under short-circuit condi-
tions in rabbit proximal and distal colon to determine
whether there were segmental differences, how
SCFAs may be linked to either Na absorption or
anion transport, and whether SCFAs, as weak elec-
trolytes, may be affected by transepithelial pH gradi-
ents. In distal colon, propionate transport was not
significantly altered by stimulation of electrogenic
Na absorption, epinephrine or Cl removal. How-
ever, a modest transepithelial pH gradient (luminal
6.8/serosal 7.4) stimulated propionate absorption.
In proximal colon, propionate transport was signifi-
cantly altered by manuevers that either stimulated
(lowered [Na] in the bathing media) or inhibited (the-
ophylline) apical Na-H exchange. Neither Cl re-
moval, nor the anion exchange inhibitor DIDS, nor
a transepithelial bicarbonate gradient, altered propi-
onate transport. A transepithelial pH gradient inhib-
ited propionate secretion, but not in a manner en-
tirely consistent with the effect of pH on the
distribution of a weak electrolyte. These results sug-
gest that there is significant segmental heterogeneity
in colonic SCFA transport; that transepithelial pro-
pionate fluxes are altered by changes in pH or elec-
troneutral Na absorption (Na-H exchange), but not
by chloride removal, bicarbonate gradients or elec-
trogenic Na absorption. Regulation of SCFA trans-
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port may be an important factor in the physiology
of colonic fluid balance.
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Introduction

Although short-chain fatty acids (SCFAs) are the
predominant luminal anion in colonic fluid and have
been implicated as significant factors in several basic
colonic functions, little is known about the role of
SCFAs in colonic physiology. SCFAs are produced
by the bacterial metabolism of carbohydrate passing
through the ileocecal valve. At one time, SCFAs
were thought to be an important etiologic factor in
the diarrheas associated with carbohydrate malab-
sorption. It is now apparent that SCFAs are rapidly
absorbed in vivo [1, 2, 18, 30, 38] and may enhance
colonic Na and fluid absorption. SCFAs may be a
significant factor in normal colonic function;
changes in colonic SCFAs may have both patho-
physiological and therapeutic implications (35, 14, 20,
25, 29, 33, 39].

In vitro studies of colonic SCFA transport have,
surprisingly, shown either no absorption or SCFA
secretion [15, 16, 36]. We have recently demon-
strated that propionate absorption in rabbit proximal
colon in vitro correlated with factors that altered
electroneutral Na absorption [34]. There was limited
passive diffusion of propionate in this epithelium.
These results suggested that propionate transport
(and that of other SCFAs) may be linked to Na-H
exchange. In the present study, we examined possi-
ble mechanisms relating propionate transport to
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electroneutral Na absorption. Specifically, we ex-
amined the role of pH gradients, alterations in Na
absorption, and the contribution of Cl and HCO; in
propionate absorption. We hypothesized that if Na-
H exchange has an integral role in SCFA absorption,
then an epithelium without an apical Na-H ex-
changer would exhibit a different pattern of SCFA
transport than proximal colon. Therefore, we exam-
ined propionate transport in rabbit distal colon, a
colonic segment that does not absorb Na by an elec-
troneutral pathway (i.e., Na-H exchange).

SCFAs are weak electrolytes that may exist in
either a protonated, neutral form (HA) or as an ion-
ized species (A-); this has important implications
because there may be separate pathways across the
epithelium for the two species. At physiological pH,
the vast majority of SCFAs are ionized. Changes in
acid-base balance may have a considerable impact
on the absorption of a weak acid by changing the
relative proportion of the neutral and ionized species
[19]. The colon is subject to considerable variations
in pH [24, 25, 27] that may modulate SCFA
transport.

These studies demonstrate that transepithelial
propionate absorption is closely linked to electro-
neutral Na absorption, may be modified by pH gradi-
ents across the epithelium, but is not dependent on
other anions such as Cl and HCOs. Apical Na-H
exchange and luminal pH may be pivotal factors in
governing SCFA transport in rabbit colon.

Materials and Methods

New Zealand white male rabbits (2-3 kg) were fed standard rabbit
chow and water ad libitum. A group of animals were treated with
methylprednisolone (40 mg/d IM X 2 days) following a previously
described protocol [35] to increase electrogenic Na transport in
the distal colon. Rabbits were Killed by ear-vein injection with
T-61 euthanasia solution. A segment of proximal colon (10 cm in
length, beginning 10 cm distal to the cecum) was rapidly excised,
opened along its mesenteric border and rinsed in a chilled Ringer
solution. Distal colon was obtained from a segment beginning 5 cm
above the anus. Before use, tissues were maintained in ice-cold
solutions that were bubbled with O, and varying amounts of carbon
dioxide. The serosa and outer muscle layer were removed by plac-
ing the sheet of proximal colon, serosal side up, on a Plexiglass
plate and moistening it with Ringer solution. A transverse incision
was made through the muscle layers with a razor blade, and the
layers were peeled off longitudinally with a fine curved forceps. A
standard Ringer solution, as previously described {34], was used.
Appropriate adaptations with propionate, HEPES, gluconate and
mannitol were made as described in the text. Choline was substi-
tuted for Na when appropriate. (Details of specific composition of
each solution are shown in Table 1.)

ELEcTRICAL AND ION FLUX STUDIES
Transepithelial electrical potential difference (PD), total conduc-

tance (G,) and short-circuit current (/) were measured as de-
scribed previously [34]. Pieces of stripped intestinal mucosa were
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mounted in Ussing chambers (exposed surface area 1.12 cm?)
and bathed with 10 ml of Ringer solution on each side. Solutions
were circulated by gas lift and maintained at 37°C in water-jack-
eted reservoirs. In the pH gradient experiments, the % CO, was
varied as noted in the text.

Propionate fluxes were measured over two successive peri-
ods. Tissues from the same rabbit were mounted and “C propio-
nate was added to either the mucosal or serosal reservoirs for
30-45 min prior to flux measurements. Tissues were paired by
matching resistances. If the resistance of paired tissues differed
by > 25% during fluxes, the experiment was rejected. The initial
flux period lasted 30 min. After a 20-min equilibration period, a
second flux measurement was made over a 40-min period. Test
substances were added 10~15 min before a flux period, depending
on the protocol of the individual experiment.

Unidirectional mucosal to serosal (m-s) and serosal-to-mu-
cosal (s-m) fluxes and the net flux of propionate were calculated
from aliquots taken at the beginning and end of each flux period.
To calculate the unidirectional propionate fluxes, the values of
the steady-state rates of radioisotope transfer were divided by
the value of the specific activity of the initially labeled side and
the surface area of the exposed tissue. The net flux is calculated
as the difference between oppositely directed unidirectional
fluxes of tissue pairs (JP9P = JProP — JPo9) - Prior experiments
showed that propionate fluxes were stable over the time course
of these experiments [34].

STATISTICS

Results are expressed as mean *+ seM. Student’s paired t-test was
applied when appropriate; otherwise, an unpaired ¢-test was used.

MATERIALS

Epinephrine was obtained from Elkins-Sims (Cherry Hill, NJ);
['*C] propionate from ICN Radiochemicals (Irvine, CA). Methyl-
prednisolone was obtained from Schein Pharmaceuticals (Phoe-
nix, AZ). All other chemicals were obtained from Sigma (St.
Louis, MO).

Results

DistaL CoLoN
Stimulation of Na Absorption

To determine whether stimulation of Na absorption
by a mechanism other than Na-H exchange has an
effect on SCFA transport in distal colon, we exam-
ined SCFA fluxes in Cl-free Ringer. Substitution of
an impermeant anion for chloride stimulates electro-
genic Na absorption in distal colon [37]. A gluconate
Ringer elicited the expected increase in I consistent
with stimulation of electrogenic Na absorption (Ta-
ble 2). However, neither net nor unidirectional
fluxes were significantly changed.

Steroids increase electrogenic sodium absorp-
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Table 1. Composition of test solutions
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Solution I I 11 v v

N1 Ringer Ringer (6.8) Cl-free/ Low Na Bicarb-free

5 mM HCO,

Na Propionate 20.00 20.00 20.00 20.00 20.00
NaCl 60.10 60.10 1.40 60.10
NaHCO, 25.00 5.00 5.00 5.00 0.00
Na Gluconate 33.50 53.50 113.40 58.30
HEPES 5.00
Choline-ClI 58.90
Mannitol 106.50
KCl 5.00 5.00 5.00 5.00
K-Gluconate 5.0
CaCl, 1.25 1.25 1.25 1.25
MgCl, 1.10 1.10 1.10 1.10
Mg-Gluconate 1.10
Ca-Gluconate 1.25
Na,HPO, 1.65 1.65 1.65 1.65 1.65
NaH,PO, 0.30 0.30 0.30 0.30 0.30
Glucose 10.00 10.00 10.00 10.00 10.00
pH 7.4 6.8 6.8 6.8 6.8/7.4
All values are expressed in mM (except pH).
Table 2. Effect of Cl substitution of SCFA fluxes in distal colon
Experimental Jerop I, G,
condition

m-s S-m Net
Control 1.62 = 0.16 1.62 = 0.14 0.0 £ 0.10 0.1 =03 4.8 + 0.4
Cl-free 1.90 = 0.17 1.89 = 0.21 0.0 = 0.08 1.4* = 0.4 5112

Experiments were conducted either in a Cl-Ringer pH 6.8 (Solution II) or in a Cl-free gluconate
substituted Ringer solution. (Solution III, Table 1) N = 5 animals for each group. Fluxes are expressed
in wmol - cm™2 - hr™!, I_ uEq - ecm™2 - hr! and G, in mS - cm™2. No statistically significant differences

were noted in SCFA fluxes. I increased significantly, *P < 0.05.

tion in rabbit distal colon. Using a previously devel-
oped protocol [35], we compared propionate fluxes
before and after low dose mucosal amiloride (10~
M). The decrease in I, of 4.24 = 0.70 uEq -
cm ™2 - hr™! after amiloride is due to a decrease in
electrogenic Na absorption. Despite this large
change in Na transport, there was no significant
change in propionate fluxes (Table 3).

Epinephrine

Epinephrine stimulates K secretion in distal colon,
but does not alter Na absorption [12]. In contrast,
in proximal colon, epinephrine stimulates apical Na-
H exchange activity and SCFA absorption. There-
fore, by examining the effect of epinephrine on
SCFA fluxes in distal colon, one may be able to

determine whether the effect of epinephrine is de-
pendent on the presence of an apical Na-H antiporter
or whether it has a more direct effect on SCFA
fluxes.

We conducted these experiments in S mm HCO,
Ringer (pH 6.8) because these conditions maximized
the epinephrine-induced stimulation of SCFA ab-
sorption in proximal colon [34]. In distal colon, epi-
nephrine does not alter either J&% or JPoP. There-
fore, in distal colon, without an apical Na-H
exchanger, epinephrine has no effect on propionate
fluxes (Table 4).

Anion Substitution

Previous studies have suggested that there may be
a SCFA : Cl exchanger operative on the apical mem-
brane mediating colonic SCFA absorption. The Cl-
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Table 3. Effect of steroid-stimulated Na absorption on SCFA fluxes

Control Mean 2.00 1.56 0.45
SEM 0.09 0.13 0.15
Amiloride Mean 1.71 1.66 0.04
SEM 0.25 0.207 0.23

J.H. Sellin et al.: Regulation of SCFA Transport
2.54 11.10
0.79 1.15
-1.70* 11.02
0.24 1.29

Methylprednisolone-treated distal colon (n = 8) mounted in Ussing

chambers and bathed in Ringer

bicarbonate pH 7.4 (Solution I, Table 1). After an initial flux, 107* M amiloride was added to the
mucosal solution and a second flux performed, *P < 0.001 vs. control. The negative I, after amiloride

has been described previously and represents Cl absorption. [35].

Table 4. Epinephrine’s effect on SCFA fluxes in distal colon

Experimental Jorop I, G,
condition

m-s s-m Net
Control 1.92 = 0.09 2.14 = 0.08 —0.22 = 0.11 0305 5204
Epi (n = 5) 1.83 = 0.13 2.23 £ 0.21 -0.40 = 0.30 0.4 0.5 53+0.5

Experiments were conducted in S mm HCO, Ringer (pH 6.8), Solution I1, in five animals. Unidirectional

fluxes are expressed in umol - cm™2 - hr!, I, in wEq - cm™2 - hr~!
differences were noted between groups.

substitution experiments provided an opportunity to
test whether such an antiport system is operative
in rabbit distal colon, an epithelium in which Cl
absorption is mediated by a presumptive Cl: HCO,
exchange. The data in Table 2 do not support such
a hypothesis.

pH Gradients

Because the partitioning of weak acids and bases
across a membrane may be altered by a pH gradient
[19], we examined the effect of varying the pH of
the mucosal and serosal fluids bathing the proximal
colon in vitro. Given a pKa of 4.8, a decrease in pH
to 6.8 would increase the proportion of SCFA in the
protonated (and readily diffusible) form fourfold to
1%. In distal colon, which does not exhibit electro-
neutral Na absorption, pH gradients were estab-
lished with alterations of [HCO,]. Mucosal acidifi-
cation reversed a low basal secretory rate when
compared to serosal acidification (Fig. 1).

In theory, a lowered solution pH, by increasing
the protonated SCFA, would increase the unidirec-
tional flux from the more acidic to the more alkaline
reservoir. In distal colon, luminal acidification led
to an increase in JE'% (1.87 = 0.17 vs. 1.30 = 0.17
pmol - cm™ - hr™!, a decrease in JI?, and an in-
crease in JPIP (0.43 = 0.17 vs. —0.78 = 0.15) com-
pared to serosal acidification (Fig. 1).

To clarify whether this is due to a pH gradient
or the decreased luminal pH alone, we performed a

in G, mS - cm™2. No statistical

pH [HCO4]
O 7468 25/5
_ B 6.8/74 5/25 ~
*
21 42
* %k
1} 41
*k *
oL u 40
-1 ro) prop prop J -1
ng_sp Js—m Jnet Isc

uMolecm™ oh! pEqecm? eh?!

Fig. 1. Effectofatransepithelial pH gradient on propionate fluxes
in distal colon. Creation of a pH gradient [mucosal/serosal] and
bicarbonate gradient [mucosal/serosal] (Solutions I and II, Table
1) caused a significant change in propionate fluxes. JP"P is greater
from the more acidic reservoir. ¥*P < 0.05, **P < 0.01. N = 8§
for 7.4/6.8, 7 for 6.8/7.4 experiments.

further series of fluxes comparing pH 6.8/7.4 with
6.8/6.8 (Table 5). In these studies, the gradient was
associated with an increase in JE'P and JEI%, sug-
gesting that the gradient itself is functioning as an
absorptive stimulus.

Effect of Changing |SCFA]

Previous studies in rabbit proximal colon [34] and
other animal models [9, 10] have not demonstrated
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Table 5. pH gradient effects in distal colon
n pH Gradient Jprop I, G,
m-$ s-m Net

6) 6.8/6.8 2.57 = 0.07 207 £0.14 049 = 0.13 0.10 = 0.26 8.0 0.5
(C))] 6.8/7.4 3.46* = 0.32% 1.74 = 0.34 1.72*% + 0.26* 1.17 £ 0.69 10.6 = 1.9
Results are expressed in umol - cm™2 - hr™! (fluxes), uEq : em™2 - hr™! (I ) and mS - cm™? (G,).
Solution II (Table 1) was used for pH 6.8 conditions. Solution II (Table 1) was used for pH 7.4
conditions. Significant increases were noted in JE'® and JiP, *P < 0.05,

4. 0O 140 mM [Na],

30 mM [Na],

—~ 2.0 520
'...l:'. 3t *
“ 15 T = * q15
$
g2r 1.0 | 410
el
= 05 f N Hos5
2z}
— 0Fr I;E“ 70

0 L 1 3'0 jo 0.5 | 4-0.5

0 10 20
prop prop Prop
[pI'Op] .10 - Jrn-s Js-m Jnet Isc J 10
pMolecm? oh! uEqecm™? ¢h!

Fig. 2. Increasing concentrations of luminal SCFAs in distal co-
lon are associated with a proportional increase in J&%?. (n = 4,
pH 6.8). No evidence of saturation noted.

any obvious saturation kinetics with increasing lumi-
nal concentrations of SCFAs. To determine whether
this could be operative in distal colon, we examined
the unidirectional flux (JE') with increasing concen-
trations of luminal propionate. The increase in flux
was linear with concentration up to 40 mm propio-
nate (Fig. 2).

ProxiMAL CoLON

Alterations in Na Transport

Our previous studies in proximal colon had linked
Na absorption, Na-H exchange and SCFA trans-
port, using a series of pharmacologic agents, includ-
ing epinephrine, amiloride, and ouabain. To further
explore this connection, we used additional maneu-
vers that alter Na-H exchange.

To determine whether SCFA fluxes are in-
creased specifically by epinephrine-induced stimula-
tion of Na-H exchange, we used an alternative mech-
anism to stimulate electroneutral Na absorption in
proximal colon. Previous studies have shown that
rabbit proximal colon responds to a reduced [Na],
with a paradoxical increase in net Na absorption

Fig. 3. Lowered [Na], stimualtes propionate absorption in proxi-
mal colon. In pair-matched controls from the same animals, epi-
thelia bathed in 30 mmM [Na], (Solution IV, Table 1) exhibited a
significantly greater J¥% and JP%* compared to normal (140 mm
Na) Ringer. *P < 0.05; n = 5.

[32]. Therefore, we measured SCFA fluxes in 30 mMm
NaRinger, which predictably stimulates electroneu-
tral Na absorption in proximal colon. As shown in
Fig. 3, both JE™ and JPI% increased under these con-
ditions. Thus, two different stimuli of Na absorption
in proximal colon both enhance propionate ab-
sorption.

To further examine the possible relationship be-
tween SCFA transport and other ion transport path-
ways, we tested the effect of theophylline on propio-
nate fluxes in proximal colon. These experiments
were performed under a 6.8/7.4 pH gradient
(HEPES buffer) to create a basal absorptive state
(Table 6). Theophylline increases intracellular cyclic
AMP, inhibits electroneutral NaCl absorption and
stimulates electrogenic Cl secretion in various epi-
thelia. In proximal colon, secretagogues have been
shown to have primarily an anti-absorptive effect
on ion transport, blocking Na-H exchange rather
than stimulating electrogenic Cl secretion [31].

Theophylline did not elicit a significant change in
I, similar to previous observations in the proximal
colon [31]. However, it decreased JE%P from 0.68 to
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Table 6. Effects of theophylline on propionate fluxes in proximal colon

Experimental Jprop I G,
condition

m-$ s-m Net
Control 2.83 = 0.37 2.13 £ 0.28 0.68 = 0.19 1.0 £ 0.3 15.1 = 0.8
Theophylline
1073 M(S) 2.45 + 0.32% 2.26 = 0.25 0.20 = 0.26* 1.1 0.3 19.4 = 0.4

Results are expressed in gmol - cm™? - hr! + s (JP®?), uEq - em™? - hr™! (/;), and mS - cm™2 (G))
for eight animals. Solution V, Table 1, was used in both mucosal and serosal reservoirs, with a 6.8/
7.4 gradient to establish an initial absorptive flux. Theophylline inhibited both JZ% and JEXP (*P < 0.01
vs. control). The lack of change in I is expected in rabbit proximal colon.

0.20 wmol - cm™? - hr™! (Table 6). This was due
primarily to a decrease in JE'%, consistent with inhi-
bition of Na-H exchange. Theophylline did not alter
Jerer Thus, two further maneuvers altering Na-H
exchange (low [Na], and theophylline) alter propio-
nate transport consistent with a link to Na-H ex-
change.

Effect of Chloride Removal

Because SCFA transport may be mediated by an
anion exchange system localized to the apical mem-
brane, we examined whether replacement of chlo-
ride with an impermeable anion, gluconate, would
alter propionate fluxes. In proximal colon, basal
rates of propionate transport were identical in the
Cl-containing and Cl-free solutions (Fig. 44). We
next examined whether stimulation of SCFA absorp-
tion by epinephrine would be altered by Cl removal.
In normal Ringer, epinephrine increased
Jeroe and JEroP as described previously. The identical
response was observed in both Cl-containing and
Cl-free Ringer. (Fig. 4B) Thus, removal of chloride
had no significant effect on transepithelial propio-
nate fluxes, indicating that SCFA transport is not
Cl dependent.

Effect of DIDS

Because previous studies had suggested that SCFA
transport mediated by an anion exchanger could be
inhibited by stilbene derivatives [13], we examined
the effects of DIDS on basal and epinephrine-stimu-
lated propionate fluxes (Table 7). Epinephrine in-
creased net propionate absorption by 0.57 umol -
cm™? - hr™! in control tissues and by 0.61 umol -
cm~? - hr! in the DIDS-treated epithelial (pNS).
These experiments did not demonstrate any signifi-
cant inhibitory effect of mucosal DIDS on propio-
nate absorption.

net

A. Basal
2o 0 70 mMCl = 120
S omMCl
15 } 115
10 T 11.0
I
05 K \ \ 105
0} \ ] ]E ;i 40
05 = prop prop prop =08
J m-s J sm Jnet Iac
pMolecm 2 ¢h! pEqecm? ¢h?

B. Epinephrine

15 0O 70mM Cl Q15
B 0mMCl
1.0 | 110
05 | 10.5
[ l ;] -0
BB S L,
pMolecm 2 eh! pEqecm? eh!

Fig. 4. Cl removal does not alter propionate fluxes in proximal
colon. Removal of chloride altered neither basal rates of propio-
nate fluxes (Fig. 44) nor fluxes after stimulation by epinephrine
(Fig. 4B), n = 6. Solutions II and III, Table 1, were used in
these studies.

Effect of pH Gradients

We created pH gradients across the proximal colon
to determine whether transport of propionate would
be altered in a manner consistent with a weak elec-
trolyte. In proximal colon acidification of the muco-
sal solution to pH 6.8, decreasing [HCO4lm to 5
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Table 7. DIDS does not alter propionate fluxes in proximal colon
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Experimental Joop Jprop Jerop I, G,

condition

Control 0.44 1.08 —0.64 1.68 10.36
0.11 0.18 0.20 0.28 0.63

+Epi(S) 1.17* 1.24 —-0.07* 1.03* 9.56
0.33 0.10 0.29 0.20 1.21

DIDS(M) 0.79 0.96 -0.17 1.46 11.01
0.18 0.11 0.19 0.16 0.42

DIDS+ Epi(S) 1.50** 1.06 0.44* 0.94** 9.52
0.24 0.12 0.20 0.18 0.62

Proximal colon mounted in Ussing chambers was bathed in a 5 mm HCO; pH 6.8 solution (Solution
II, Table 1). Basal fluxes were performed either under control conditions (n = 6) or with DIDS 1074
M ((m) (n = 11). After the initial flux, 10~° M epinephrine was added to the serosal chamber and a
second flux performed. Results are expressed in umol - cm™ - hr™! for propionate fluxes, uEq -
cm™ - hr™! for I, and mS - cm™2 (G,), *P < 0.05, **P < 0.01 vs. corresponding first period flux.

pH [HCO3]

20, O 7468 285 1920
6.8/74 525

15 B 6.8/74 25/25 115
1.0} 41.0
*
*
05 10.5
oL TN 1,
*

0.5 F " 4-0.5
.10 - J -1.0
Jorep Jom Jhett L,
uMolecm? eh! Eqecm?® ¢h!
pnkq

Fig. 5. Effect of transepithelial pH gradients on propionate fluxes
in proximal colon. Creation of a pH gradient by altering [HCO;]
caused a significant change in JF'% and J2 (*P < 0.01). The
effect of the pH gradient was independent of a bicarbonate gradi-
ent. pH (m/s) and HCO; (m/s) describe the conditions in the
mucosal and serosal reservoirs. Solutions I and II, Table I, were
used. n = 7 (luminal 7.4/serosal 6.8), 10 (pH 6.8/7.4) [HCO, 5/
25]; 8 [HCO; 25/25] animals.

mM significantly decreased the rate of spontaneous
propionate secretion (Fig. 5). To determine whether
this effect was due to the change in pH or creation
of a bicarbonate gradient across the epithelium, we
performed an additional series of flux studies in
which the pH gradient was established by changes
in pCO, with equimolar mucosal and serosal bicar-
bonate (Fig. 5). The effect of pH is independent of
the presence or absence of a bicarbonate gradient.
Because changes in pH and [HCO,] may alter elec-
troneutral ion transport in the intestine [6, 7, 27] and
theoretically exert a secondary effect on propionate
transport, we examined the effects of a bicarbonate-

O 7474

6.8/7.4
20 (@=9 120
15 415
1.0 <110
05 <10.5

*
ob 1 4o
0.5 F - -0.5
1ok J'p;‘r_o;p JE—?;:F ng‘zp Iee i 1.0
uMolecmZ eh? uEqecm? ¢h!

Fig. 6. Bicarbonate-free pH gradients in proximal colon. Creation
of a pH gradient in a HEPES-buffered solution gassed with 100%
O, (Solution V) increased both JE'® and JEIP (*P < 0.05).

net

free pH gradient (Fig. 6). Under these conditions,
spontaneous propionate secretion was abolished.

The effects in proximal colon were not as
marked as in distal colon. We considered two con-
founding variables that may apply to proximal, but
not distal, colon: (i) changes in pH of bathing solu-
tions alter intestinal electroneutral Na absorption
mediated by Na-H exchange [6, 7], and (ii) rates
of transepithelial propionate transport in proximal
colon may be altered by changes in bathing solution
pH [34].

We, therefore, compared pH 6.8/7.4 gradient to
pH 6.8/6.8 conditions (Table 8). Under these condi-
tions in a HEPES-buffered solution we found that
there was no significant difference between the rates
of propionate transport. This suggests that it is the
lowered mucosal pH itself, rather than the gradient,
that is the critical factor in stimulation of propionate
transport in proximal colon.
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Table 8. pH gradient effects in proximal colon
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n pH Gradient Jerop I, G,

m-$ s-m Net
5) 6.8/6.8 2.43 £0.21 1.93 = 0.15 0.50 = 0.18 1.94 + 0.21 12.7 £ 1.5
6) 6.8/7/4 2.58 + 0.38 1.68 + 0.22 0.90 = 0.44 1.76 = 0.24 11.2 + 2.4

Results are expressed in umol - cm™2 - hr™! (fluxes), uEq - cm™2 - hr ™! (/) and mS : cm™2 (G,). These
experiments were conducted in HEPES-buffered solutions (Solution V) gassed with 100% O,. No
changes in SCFA fluxes were observed when gradient conditions were compared to 6.8/6.8 conditions.

Table 9. Bumetanide does not affect propionate transport

Experimental Jerop I G,
condition

m-s s-m Net
Control 0.14 = 0.02 1.03 = 0.19 —0.89 = 0.19 1.70 = 0.27 8.0 £ 0.6
Bumetanide
107 M (S) 0.09 = 0.04 1.04 = 0.21 —0.95 £ 0.24 1.60 = 0.21 8.2+ 0.5

Studies were performed in a 20 mM propionate Ringer at pH 7.4 (Solution 1) to maximize a net
secretion. Resulis of fluxes are expressed in umol - cm™ - hr™!, I, in uEq - cm™ - hr™! and G, in

mS - cm~? for four experiments. There are no significant changes.

Table 10. The effect of amiloride on propionate fluxes

Experimental Jerop I, G,
condition

m-s s-m Net
Control 1.57 = 0.13 1.49 = 0.05 0.08 = 0.17 1.0 £ 0.15 6.7 = 0.40
Amil 1073
(m-s) 1.09 = 0.10 1.57 = 0.09 ~0.48 + 0.15 0.7 + 0.16 5.9 + 0.41
P< 0.012 NS 0.016 0.049 0.027

Experiments were performed in 30 mM Na, 20 mM propionate Ringer pH 6.8. Results are expressed
in wmol - cm™2 - hr™! (fluxes), uEq - cm™? - hr™! (I} and mS - cm™2 (G,) for five experiments. Although
amiloride inhibition of apical Na-H exchange decreases J&%, there is no effect on JP'P.

Propionate Secretion

Propionate secretion occurs in vitro under short-
circuit conditions [15, 34]. Despite its questionable
clinical relevance, delineation of a net secretory
SCFA pathway may provide a clue to understanding
the secretion of bicarbonate and other anions. To
explore this pathway, we examined the effects of
two transport inhibitors (amiloride and bumetanide)
added to the serosal reservoir.

Bumetanide blocks the basolateral Na-K-2Cl
entry process integral to chloride secretion [26]. It
also may inhibit other anion secretory processes
such as bicarbonate [33]. However, bumetanide did
not alter SCFA secretory fluxes (Table 9). Given
the demonstrated correlation between SCFA fluxes

and the activity of the apical Na-H exchanger, an
alternative mechanism of basolateral entry of SCFA
may be a basolateral Na-H exchanger [8, 21]. To test
this possibility, we examined the effects of bilateral
addition of amiloride (Table 10). Mucosal amiloride
inhibits JE'%° as previously reported [34], which
serves as a positive control. However, there was no
alteration of J”"°P with serosal amiloride. These stud-
ies do not support a role for the basolateral Na-H
antiporter in SCFA secretion.

Discussion
Although SCFAs are the predominant luminal anion

in the colon, the mechanisms of epithelial SCFA
transport are not yet clearly defined. A limited num-
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ber of in vitro studies has demonstrated active SCFA
secretion rather than absorption [15, 17, 23] (see
below). Recently, we found an association in rabbit
proximal colon in vitro between Na absorption and
propionate fluxes, suggesting an integral role for Na-
H exchange in SCFA transport [34]. The present
study extends these observations by (i) further dem-
onstrating the linkage between Na-H exchange and
SCFA absorption in proximal colon, (ii) document-
ing significant differences in SCFA transport be-
tween proximal and distal colon, and (iii) establish-
ing luminal pH as an important factor in regulating
SCFA absorption.

Segmental heterogeneity of ion transport in the
colon is well established. Differences in mechanisms
of Na absorption are evident as one progresses from
cecum to proximal to distal colon {11, 12, 31, 37].
We utilized the differences in proximal and distal
colon as regards Na-H exchange to more carefully
explore the relation between Na transport and SCFA
absorption. These studies establish that it is a stimu-
lation of Na-H exchange specifically, rather than
increased Na absorption or an effect of epinephrine
directly on SCFA transport, that is involved in the
enhancement of SCFA absorption observed in the
proximal colon. In distal colon, with no apical Na-
H exchanger, epinephrine did not alter propionate
fluxes. Stimulation of electrogenic Na absorption in
distal colon did not increase J2%P. In contrast, further
maneuvers in proximal colon that altered Na-H ex-
change (low [Na], theophylline) altered propionate
transport. Regional differences in SCFA transport
have recently been described in guinea pig large
intestine, although the mechanisms underlying the
differences are not fully delineated [9]. SCFAs en-
hance electroneutral Na absorption in rat distal co-
lon, but after aldosterone treatment converts this
epithelium to an electrogenic Na transporter, the
stimulatory effect of SCFA on Na absorption is lost
[3]. This suggests another functional linkage be-
tween Na: H exchange and SCFA transport. Thus,
analogous to differences in Na absorption, there is
also a segmental heterogeneity of SCFA transport
in the colon.

Acidification of the luminal pH may act as a
driving force for SCFA absorption. Net SCFA trans-
port may be considered as the sum of fluxes of the
ionized species (A-) and the protonated acid (HA).
Given several assumptions, the net transport of a
weak electrolyte will occur towards the compart-
ment in which it is more ionized, independent of
specific transport mechanisms; for SCFAs this
means movement towards a more alkaline environ-
ment. Therefore, the relative pHs within the intesti-
nal lumen, the cell and the submucosal space may
affect SCFA transport.
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Prior in vivo perfusion studies did not demon-
strate an effect of luminal acidification on colonic
SCFA transport; however, luminal pH changes stim-
ulated butyrate absorption in perfused anuran small
intestine [16, 27]. Although potentially problematic,
creating a pH gradient across the epithelium in an
Ussing chamber may be the experimental model that
most closely parallels clinical conditions. Concerns
over unstirred water layers during in vivo perfusions,
especially in colon, are minimized in vitro and this
may explain the variable results. Previous Ussing
chamber studies have been generally performed at
pH 7.4 and have not fully examined the impact of
changes in pH on SCFA fuxes. Studies in apical
membrane vesicles define specifically the gradient
across a single membrane, but it is not clear how
colonic intracellular pH responds to an imposed
transepithelial gradient. Given the multiple mem-
branes and compartments in an epithelial prepara-
tion, it is difficult to localize an effect of a transepi-
thelial gradient to a specific site with absolute
certainty.

This study extends our previous observations
on the effects of acid-base variables on SCFA fluxes
and demonstrates a significant but complex role for
pH and HCO; in colonic SCFA transport. We have
previously shown that lowered mucosal and serosal
pH coupled with bicarbonate removal stimulates
basal rates of propionate absorption, while lowered
pH alone does not alter basal transport but potenti-
ates the epinephrine response in proximal colon [34].

In distal colon, the changes in propionate flux
in response to a pH gradient are consistent with the
movement of a weak electrolyte to the more highly
ionized compartment. This flux towards the more
alkaline environment is theoretically independent of
specific membrane transporters.

pH also has an effect in proximal colon, but it
differs from distal colon. Although the changes in
net fluxes in our initial pH gradient experiments in
proximal colon (Fig. 5) were consistent with changes
predicted by a weak electrolyte responding to a pH
gradient, the vagaries of the unidirectional fluxes
led us to pursue several variables including [HCO,],
pCO,, pH gradients and finally bilateral changes in
pH. The results of these studies suggest it is lowered
mucosal pH, with or without a gradient, that has a
stimulatory effect in proximal colon. This is in con-
trast to distal colon where the gradient itself has a
stimulatory effect (Compare Tables 5 and 8). Unlike
the small bowel, the colonic lumen is subject to wide
variations in luminal pH and, therefore, may be a
more dynamic factor in epithelial function. Increases
in colonic carbohydrates will increase SCFA pro-
duction and decrease luminal pH. Measurements of
normal colonic luminal pH generally range between
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pH 6 and 7.2. Thus, clinically, one may reasonably
expect modestly acidic luminal pHs, such as used
in these studies, with a constant serosal pH to have
an effect on colonic SCFA absorption. This suggests
that pH may be a factor in SCFA transport in both
proximal and distal colon, although by somewhat
different mechanisms.

The presence of electroneutral NaCl transport
mediated by dual antiporters in the proximal colon
may be a confounding variable that alters the re-
sponse of propionate to a pH gradient. Changes in
pH and HCO; alter electroneutral Na absorption in
the gut [6, 7]. Lowered [HCO;] and pH may enhance
apical Na-H exchange as occurs in the ileum, poten-
tially resulting in augmented propionate absorption,
thus modifying the effect predicted by pH gradients
independent of specific membrane transporters.

SCFA transport is linked to Na:H exchange,
although defining the mechanism(s) of that linkage
is difficult to determine. Substantial evidence exists
for two differing models: anion exchange and diffu-
sion of the protonated SCFA. There is a complex
family of epithelial anion exchangers in intestinal
epithelial with varying ion specificities and kinetics.
Binder and Mehta [4] raised the possibility of a
C1:SCFA antiporter. Vesicle studies in human
small intestine [13] and rat colon [22] have demon-
strated SCFA : HCO, exchange. Although vesicle
studies have suggested anion exchange of SCFAs,
short-circuit experiments have consistently found
evidence for nonparacellular diffusion of a proton-
ated SCFA [9, 34].

The present study suggests that, in the short-
circuited rabbit colon, the more likely process is
diffusion of a protonated acid. There is no Cl depen-
dence, making the SCFA : Cl exchange mechanism
less likely. Removal of bicarbonate enhances unidi-
rectional fluxes rather than inhibits them [34]. Anion
exchange inhibitors did not significantly block basal
or epinephrine-stimulated propionate absorption
(Table 7). There is no obvious concentration-depen-
dent saturation of SCFA fluxes (Fig. 2) consistent
with prior studies [9, 10, 27, 34]. Saturation kinetics,
as found in the vesicle studies, would imply a carrier-
mediated transporter rather than diffusion. Prior
studies demonstrated that paracellular diffusion of
the ionized species is unlikely [9, 34]; thus, the lack
of obvious saturability implies either a large capacity
transport system or a flux of the protonated SCFA.
Creation of a proton gradient across an epithelium
that does not exhibit apical Na-H exchange (distal
colon) stimulates SCFA absorption, suggesting dif-
fusion of the protonated acid in a manner consistent
with pH-dependent distribution of a weak elec-
trolyte.

We searched for, but could not demonstrate evi-
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dence for, SCFA transport via an anion exchanger.
Neither anion substitution nor the effect of inhibitors
was consistent with such a mechanism. However,
it is apparent that there is a significant and complex
relationship between bicarbonate and SCFA trans-
port. There is evidence that bicarbonate and SCFA
may share common transport pathways. Bicarbon-
ate removal with constant pH increases both unidi-
rectional fluxes of propionate in proximal colon, sug-
gesting convergent transport systems for the two
anions in passage across the epithelium. Hatch et
al. [11] raised a similar possibility, suggesting that
HCO; and SCFA may have a similar secretory path-
way in rabbit cecum. It is well recognized that
SCFAs effectively substitute for HCO, in promoting
electroneutral NaCl absorption [28], implying either
the ability to serve as a replacement anion in
Cl: HCO, exchange or, alternatively, to substitute
as an intracellular buffer in maintaining Na-H ex-
change.

These data form a cohesive picture of a diffusive
process in which the protonated SCFA crosses the
apical membrane independent of anions. Differing
experimental results may be dependent on the exper-
imental methodology or animal model used. SCFA
and bicarbonate transport are clearly intertwined,
but the specific mechanisms governing the relation
between these two weak electrolytes remains to
be determined.

The significance of JP% and SCFA secretion
needs to be considered briefly. Conventional in vitro
transport studies generally aim to eliminate electro-
chemical gradients across epithelia to measure ‘‘ac-
tive transport,’’ this despite the fact it may not corre-
late with the physiological state. For example, most
studies of ion transport in distal colon generally use
equimolar concentrations of Na despite the fact that
luminal [Na] may be an order of magnitude lower
than systemic [Na]. In a similar vein, submucosal
or serosal SCFA concentrations are not equivalent
to those of the colonic lumen and, therefore, mea-
surement of SCFA secretion does not represent a
normal biological process. However, it does serve
to allow measurement of an active transport process.
Additionally, although SCFA secretion may not be
physiological, this process may permit a fuller un-
derstanding of other ions such as bicarbonate that
may share a similar transport pathway.

These studies demonstrate a complexity of co-
lonic SCFA transport with distinct segmental heter-
ogeneity and modulation by both Na-H exchange
and luminal pH. Both these factors increase the pro-
tonated (and diffusable) species of SCFA. The ob-
servation that luminal pH may be a significant factor
in regulating SCFA transport is of particular import.
Carbohydrate malabsorption leads to generation of
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colonic SCFAs and a decrease in luminal pH. If,
indeed, a lowered luminal pH promotes SCFA ab-
sorption, this may provide a mechanism for balanc-
ing rates of production and absorption. The pH gra-
dients used in these studies are relatively modest
and often exceeded in the colonic lumen. The recog-
nition that SCFA transport may have segmental vari-
ations and be related to active transcellular pro-
cesses, rather than simple diffusion, is particularly
significant because it suggests that the colonic epi-
thelium may regulate SCFA fluxes and may be sub-
ject to pathophysiological alterations.
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