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Abstract

The effects of a chronic load of nonabsorbable sugars on
intracolonic bacterial metabolism of carbohydrates and on H,
breath excretion are disputed. However, most of the discussion
relies on indirect evidence or on results of in vitro studies.
Thus, we attempted to assess directly and in vivo the effects
on intracolonic metabolism of lactulose of a chronic oral load
of this nonabsorbable disaccharide. 20 g of lactulose was given
orally twice daily during 8 d to eight normal volunteers. In all,
breath H; concentration was measured on days 1 and 8 after
ingestion of the morning lactulose dose. In four subjects, stools
were collected during 2 d at the beginning and at the end of
the lactulose maintenance period to measure fecal pH and
daily outputs of carbohydrates and S-galactosidase. The four
other subjects were intubated on days 1 and 8 to measure the
pH and the concentrations of carbohydrates, lactic acid, and
volatile fatty acids (VFA) in the distal ileum and cecal contents.
Moreover, '“C-lactulose was added to cold lactulose and '“CO,
breath outputs determined. Pulmonary H, excretion fell from
day 1 to day 8 (P < 0.05), whereas '“CO; excretion increased
(P < 0.01). Fecal water pH, lactic acid, and VFA concentrations
did not vary between the two stool collection periods. 24-h
fecal weight, fecal water, and carbohydrate outputs showed a
trend to decrease between days 1 and 2 and days 7-8, whereas
B-galactosidase activity rose markedly (P < 0.01). No significant
variations were observed for all parameters measured in ileal
fluid. In the cecum, areas under the concentration curves
decreased from day 1 to day 8 for lactulose, galactose, and
fructose (P < 0.01), while an increase was found for lactic acid
(P < 0.001), acetic acid (P < 0.0001), and total VFA (P <
0.001). Cecal fluid pH dropped faster (P < 0.05) and to a
lower level (P < 0.05) on day 8 than on day 1. These data
clearly show that a chronic load of a nonabsorbable sugar
induces changes in colonic bacterial metabolic pathways re-
sulting in a better efficiency of the flora to digest the carbo-
hydrate. '

Introduction

Measurement of pulmonary hydrogen (H;) excretion is widely
used to diagnose and quantify carbohydrate malabsorption
(1-6). However the accuracy of the H, breath test in the study
of chronic carbohydrate malabsorption is debated (1). Perman
et al. (7) showed that an 8-d oral administration of lactulose
resulted in acidic stools and in a dramatic fall of H, breath
excretion after an oral load of this sugar or of lactose in
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lactase-deficient patients. From stool homogenate incubations
with various sugars, these authors concluded that the fall of
H, production was due to an inhibition of bacterial carbohy-
drate metabolism by the low colonic pH (7). Unfortunately,
they did not measure stool sugar outputs. If their statement
was always true, lactose-H, breath test could be erroneously
normal in lactase-deficient patients ingesting every day large
amounts of incompletely absorbed carbohydrates, including
lactose itself. This is contradictory to the high sensitivity of
lactose-H, breath test in the diagnosis of lactase deficiency (5,
8). Moreover, in lactase-deficient preterm infants receiving a
lactose-containing diet, H, breath excretion did not decrease
with time, and even the amounts of unabsorbed lactose
calculated from H, production correlated well with lactose
intakes (5). Fecal pH was not measured in this study. A
hypothesis based on colonic flora adaptation to the diet has
been proposed to explain these contradictory data (1). However,
adaptation of colonic flora population levels or metabolic
activities is itself a disputed concept supported by several
studies (9-16), but not confirmed by other ones (9, 17-19).

These discrepancies incited us to reinvestigate the effects
of a repeated load of an unabsorbable carbohydrate on the
intracolonic metabolism (including H, production) of this
sugar. In the first part of our study, Perman et al. (7) protocol
design was applied to four normal subjects. Hydrogen breath
excretion was found reduced after the 8-d lactulose adminis-
tration; however, fecal pH did not decrease and carbohydrates
were not excreted in stools, whereas B-galactosidase fecal
output increased significantly. These results suggested that
lactulose chronic ingestion did induce a colonic bacterial
adaptation in our subjects, and not the inhibition postulated
by Perman et al. (7). Thus, in a second group of four normal
subjects, biochemical studies were directly performed on cecal
fluid after a 20-g lactulose ingestion at the beginning and the
end of the lactulose maintenance period. The results strongly
suggest both an acceleration of lactulose catabolism and a
modification of bacterial metabolic pathways.

Methods

Human subjects. Studies were performed in eight healthy human
volunteers: two women and six men, aged 23-46 yr. All of them were
nonmethane-producing subjects (20, 21) and had previously a lactose-
H, breath test consistent with normal lactose absorption. Informed
consent was obtained; the subjects were aware of potential radiation
hazards. The protocol was approved by the ethics committee of the
Saint-Lazare Hospital.

Experimental design. All subjects remained on their accustomed
diet and received twice daily for 8 d an oral load of 20 g lactulose
(lactulose syrup: Duphar Laboratories, Villeurbanne, France). This will

- be referred to as the lactulose maintenance period.

(a) In four subjects (group A), 24-h stools were collected on days
1 and 2 (first period) and on days 7 and 8 (second period). Stools were
immediately frozen at —20°C for further analysis. Stool weight, pH,



carbohydrate outputs (lactulose, galactose, fructose, and glucose), -
galactosidase activity, and volatile fatty acids (VFA)' were measured
in total homogeneized stools.

(b) The four other subjects (group B) were intubated on the day
before day 1 and on day 7 with a triple lumen tube tracted by a
mercury bag which could be inflated with air through lumen 1 to
accelerate tube progression. When the mercury bag had reached the
cecum, as confirmed by a fluoroscopical check, the tube progression
was stopped by deflating the bag and the subject had to stay in a
semirecumbent position. Lumen 2, whose end was near the bag,
allowed the sampling of cecal content. Lumen 3, ending 15 cm above
lumen 2, was used to collect distal ileum fluid samples. On days 1 and
8 the subjects ingested 20 g lactulose at 9 a.m. after an overnight fast.
3-ml samples of ileal and cecal contents were obtained every 30 min
during the first 4 h after lactulose ingestion and every hour during the
last 4 h. Ileal and cecal fluids were immediately frozen at —20°C until
assayed for osmolality and concentrations of lactulose, galactose,
fructose, glucose, lactic acid, and VFA (acetic, propionic, isobutyric,
butyric, isovaleric, and valeric acids). pH was measured before freezing
the samples.

Breath H, concentration was determined in the eight subjects on
days 1 and 8, before and at 30-min intervals for 8 h after the morning
load of 20 g lactulose. Breath samples were obtained by end-expiratory
aspiration of 60-ml aliquots of gaz into plastic syringes equipped with
a 3-way stopcocks. Moreover, in subjects of group B, a '“CO, breath
test was performed at the same time as H, breath test by adding 2.5
uCi of 1-'*C-lactulose. At 30-min intervals during 4 h the subjects
exhaled into a liquid scintillation vial containing 1 ml of 2 mM of
hyamine hydroxyde and a trace of phenolphtalein as pH indica-
tor (22).

Analytical procedures. After adequate dilution, homogeneized stool,
cecal, and ileal fluid samples were ultracentrifuged at 120,000 g and
all measurements were performed on the supernatant. Fecal water
volume was obtained by dessication. pH was measured with a Radi-
ometer pHmeter (Radiometer, Copenhagen, Denmark) and osmolality
with a Fiske Osmometer (freezing point depression measurement).
Lactulose, D-galactose, D-fructose, D-glucose, and lactic acid (both D
and L) concentrations were determined by enzymatic methods (Boeh-
ringer Kits, Manheim, Federal Republic of Germany). Volatile fatty
acids were measured using high pressure liquid chromatography with
ethyl-butyric acid as an internal standard (23). Fecal S-galactosidase
was measured by a colorimetric assay (24, 25) using paranitrophenyl
beta-D-galactopyranoside at pH 7 as substrate. Enzyme activities were
calculated according to International Units per kilogram stool (IU/kg
37°C), 1 IU being the amount of enzyme that hydrolyse 1 umol of
substrate per min at 37°C. Hydrogen concentration in expiratory gaz
samples was measured using an electrochemical cell (Exhaled Hydrogen
Monitor, GMI Medical Ltd., Renfrew, Scotland). The minimal detect-
able H, concentration was 1 ppm. *C radioactivity was measured in
a liquid scintillation counter (Compagnie Générale de Radiologie,
Paris, France).

Calculations and statistics. Total excess breath H, excretion after
lactulose oral load was determined by integrating the area under the
curve of interval breath H, concentrations (6, 26) and by expressing
data in milliliter for the total test period. '%CO, breath output was
calculated by multiplying the measured CO, specific activity for each
period by the theoretical CO, output (9 mmol-kg™' - h™"). Results were
expressed in percent of ingested dose expired for 1 h (22).

Statistical analysis for significance was performed using paired ¢
test. Results are expressed as mean+SEM.

Results

Effect of lactulose maintenance period on the lactulose-H,
breath test. Hydrogen production was similar in the two groups

1. Abbreviations used in this paper: ppm, parts per million; VFA,
volatile fatty acids.
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Figure 1. Breath H, responses to lactulose test doses on day 1 (white
columns) and day 8 after the lactulose maintenance period (hatched
columns). The average change in H, concentrations in parts per
million above base line for eight subjects is represented by the bars
(mean+SEM).

during both periods. Basal breath H, concentrations did not
change after the lactulose maintenance period (9.1+2.1 parts
per million (ppm) and 9.6+5.4 ppm on days 1 and 8, respec-
tively). Excess breath H, per 8 h declined significantly (P
< 0.05) from 15.2+2.6 ml on day 1 to 8.6+2.3 ml on day 8
(Fig. 1). The pulmonary excretion of '“CO, per 4 h signifi-
cantly increased (P < 0.01) from day 1 to day 8
(Fig. 2).

Feces. 24-h fecal weight, fecal water, and carbohydrate
(lactulose, galactose, fructose, and glucose) outputs showed a
trend to decrease between the first and second periods (Table
I). The pH of fecal water was unaffected by lactulose mainte-
nance (6.03+0.35 and 6.07+0.25 for the first and second
periods, respectively). The VFA concentrations in fecal water
and daily fecal VFA outputs were similar during the two
periods (Table II). On the contrary S-galactosidase fecal con-
centration increased significantly from 1,078+380 to
6,695+1,792 IU/g (P <0.001). Finally B-galactosidase fecal
output increased significantly (P < 0.01) from 168,618+33,422
t0 952,872+354,490 IU/d between the first and second periods.

Hleal contents. The time of lactulose appearance at the ileal
sampling point, the peak concentration, and the total duration
of lactulose recovery did not change significantly between days
1 and 8 (Table III). Lactulose concentrations in ileal fluid are
shown in Fig. 3. There was no significant change between days
1 and 8 concerning VFA concentration, pH, and osmolality
of ileal fluid. Galactose and fructose concentrations on both

days were constantly <l mM and glucose concentrations
< 6 mM.
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Table I. 24-H Stool Weight, Fecal pH, and Outputs of Water
and Carbohydrates at the Beginning (Day 1-Day 2) and the End
(Day 7-Day 8) of the Lactulose Maintenance Period

Table III. Lactulose and Total VFA Ileal Recovery, pH, and
Osmolality of Ileal Fluid After 20 G Lactulose Ingestion on Day
1 and on Day 8 Afier the Lactulose Maintenance Period

Day 1-Day 2 Day 7-Day 8 Day 1 Day 8

Mean*  Range Mean*  Range Mean*  Range Mean*  Range
Stool weight (g-d~') 251 48-414 159 89-210 Lactulose appearance
Fecal water (ml-d~’) 217 34-373 131 74-159 time (min) 45 30-60 45 30-60
Lactulose (mmol-d~") 0.00 0-0.25 0.00 0-0.01 Lactulose total transit
Galactose (mmol-d~") 276  0.09-745 0.68 0.16-1.64 time (min) 405 240-480 405 240-480
Fructose (mmol-d~") 1.62 0.00-4.11 0.29 0.00-1.07 Time of lactulose peak
Glucose (mmol-d~") 288 024-5.11 207 0.61-3.25 concentration (min) 172.5 60-270 210 30-300
Total CHO,t (mmol-d~') 17.26 0.9-16.67 3.04  0.85-4.68 Lactulose peak
Stool pH 6.03 5.58-7.32 6.07 5.55-7.28 concentration (mM) 110 83-130 110 74-180

Total VFA concentration

None of the variations between day 1-day 2 and day 7-day 8 are sta- (mM) 1.5 8-15 11.75 7-14
tistically significant. Mean osmolality
*pn =4, (mosmol - kg™") 309.5 233-371 2954  259-321.5
$ CHO, carbohydrates. Mean pH 7.65 17.27-8.22 791 17.57-8.25

Cecal contents

Lactulose, galactose, fructose. The results of cecal lactulose
measurements are summarized in Table IV. Lactulose peak
concentration and total duration of recovery decreased signif-
icantly from day 1 to day 8 (P < 0.02 and P < 0.01, respectively)
(Fig. 4), and this resulted in a reduced (P < 0.01) area under
the curve of the sugar concentration. In cecal fluid, galactose
and fructose were never recovered before lactulose ingestion
and appeared in the same sample as lactulose. Galactose and
fructose concentration curves were very close to each other
and consequently are shown as a single curve on days 1 and
8 (Fig. 5). Individual maximal concentrations of galactose and

Table II. Fecal VFA Concentrations and 24 H
Outputs at the Beginning (Day 1-Day 2) and at the End
(Day 7-Day 8) of the Lactulose Maintenance Period

Day 1-Day 2 Day 7-Day 8
umol/g pmol/g
Concentration
Total VFA 97.0+17 85.2+5.0
Acetic acid 56.8+13.7 53.5+5.5
Propionic acid 12.2+1.45 10.6x1.5
Butyric + isobutyric acid 14.8+4.6 13.3+1.8
Isovaleric acid 5.2+0.8 2.8+0.9
Valeric acid 8.0x1.9 5.0+1.9
mmol-d~" mmol-d~!
24 h outputs
Total VFA 22.8+7.5 11.2+2.0
Acetic acid 14.6+5.2 7.0+14
Propionic acid 2.5+0.7 1.4+0.3
Butyric + isobutyric acid 3.2+1.3 1.8+0.4
Isovaleric acid 3+2 0.4+0.1
Valeric acid 1.49+0.6 0.6+0.2

Data are expressed as mean+SEM (n = 4).
None of the variations between day 1-day 2 and day 7-day 8 are sta-
tistically significant.
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None of the variations between days 1 and 8 are statistically signifi-
cant.
*n=4

fructose did not change between days 1 and 8. On the contrary,
areas under the curves of fructose and galactose concentrations
significantly decreased from day 1 to day 8 (P < 0.01). Finally,
8 h after lactulose ingestion, galactose and fructose were still
recovered in cecal fluid on day 1 (10.0+3.8 and 3.05+2.75
mM, respectively), whereas their concentrations on day 8 were
<1 mM from the sixth hour.

Glucose. In all subjects, glucose was detectable before
lactulose ingestion in cecal fluid and its concentration was not
modified by the lactulose maintenance period. Cecal glucose
concentration gradually increased after lactulose ingestion to
a late peak concentration of 18.6+4.7 and 9.5+2.1 mM on
days 1 and 8, respectively (P < 0.01).

Lactic acid. Lactic acid (isomeres D and L) concentration
curves were very different on days 1 and 8. On day 1, lactic
acid concentration was still increasing at the end of the
sampling period, whereas on day 8 the peak concentration
occurred at 225+50 min and then the lactic acid concentration
decreased (Fig. 6). The highest mean concentrations were

LACTULOSE mM

! L Figure 3. Lactulose concen-
N trations in ileal fluid after
[\\ ‘\I 20 g lactulose ingestion on
day 1 (circles) and on day
8 after the lactulose
maintenance period
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Bars represent the SEM.
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Table 1V. Lactulose Cecal Recovery After
20 G Lactulose Ingestion on Day 1 and on
Day 8 After the Lactulose Maintenance Period

Day 1 Day 8
Mean*  Range Mean*  Range P

Orocecal transit

time (min) 60 30-90 60 30-90 NSt
Peak concentration

(mM) 88.5 73-112 45.7 16-91 <0.02
Time of peak

concentration

(min) 105 90-135 97.5 90-120 NS
Total recovery

time (min) 390 330-420 210 90-360 <0.01
*n=4,

$ NS, not significant.

26.9+6.2 and 49.5+10 mM on days 1 and 8, respectively. The
areas under the curves of lactic acid increased significantly
from day 1 to day 8 (P < 0.001). The ratio between L and D
lactic acid did not change from day 1 to day 8: 1.55+0.11
(range 1.27-1.80) and 1.84+0.17 (range 1.52-2.32), respectively.
Volatile fatty acids. Before lactulose ingestion, neither total
VFA concentration nor distribution were significantly different
on days 1 and 8 (Table V) (Fig. 7). After lactulose ingestion,
the area under total VFA concentration curve and the molar
ratio of acetic acid significantly increased from day 1 to day
8, whereas propionic, butyric, isobutyric, valeric, and isovaleric
acid concentrations did not significantly change (Table VI).
pH measurements. Cecal pH before lactulose ingestion was
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Figure 4. Lactulose concentrations in cecal fluid after 20 g lactulose
ingestion on day 1 (circles) and on day 8 after the lactulose mainte-
nance period (squares) for four subjects. Bars represent the SEM.
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Figure 5. Fructose (FRU) and galactose (GAL) concentrations in
cecal fluid after 20 g lactulose ingestion on day 1 (circles) and on day
8 after the lactulose maintenance period (squares) for four subjects.
Bars represent the SEM.

not significantly modified by the lactulose maintenance period.
Nadir pH values were lower (P < 0.05) and occurred earlier
(P < 0.05) on day 8 than on day 1. The duration of pH drop
was shorter on day 8 (P < 0.05), and the pH came back to
basal value in all subjects on day 8, but only in two of them
on day 1 (Fig. 8).

Discussion

The intracolonic bacterial metabolism of unabsorbed carbo-
hydrates is the matter of an increasing interest. It is the clue
for interpretation of H, breath tests, and it may be the source
of both beneficial—caloric salvage—and adverse—induction
of unpleasant symptoms such as excess gaz production effects.
Relevant to these points, the consequences of a prolonged oral
load of nonabsorbable sugars on the colonic bacterial metab-
olism of carbohydrates are debated (1, 7): is this load inducing
an inhibition, or on the contrary a useful adaptation of
bacterial carbohydrate metabolism?

In the first part of the present study we evaluated the
hypothesis formulated by Perman et al. (7) that chronic
lactulose administration inhibits lactulose bacterial metabolism.
The 24-h fecal excretion of lactulose and its constituent
hexoses (fructose and galactose) was measured at the beginning
and at the end of an 8-d oral load of lactulose with the same
dosage as that used by these authors (7). Fecal sugar excretion
was found to be very low and not statistically different between
the two periods. These results could be anticipated because
only one subject experienced initially a mild diarrhea, which
disappeared within 3 d, and because fecal pH was mildly acidic
and did not vary between the two periods. Indeed, during
malabsorbed carbohydrate administration, a relationship has

Figure 6. Lactic acid (D
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Table V. Fasting Total Concentration and Relative
Distribution of Cecal Fluid VFA on Day 1
and on Day 8 After the Lactulose Maintenance Period

Table VI. Total Concentration and Relative Distribution
of Cecal Fluid VFA After 20 G Lactulose Ingestion on
Day 1 and on Day 8 Afier the Lactulose Maintenance Period

Day 1* Day 8* Day 1* Day 8*
Mean  Range Mean  Range P Mean Range Mean Range P
VFA mean VFA mean
concentration concentration
(mM) 89.9 39-124 528 20.1-79.8 NSt (mM) 66.5 49.4-92.5 107.8 86-123 <0.001
Acetic acid (%) 56 39.2-66.4 64.1 54.7-79.6 NS Acetic acid (%) 59.2 53.1-729 73 62.8-87.1 <0.0001
Propionic acid (%) 25.5 21.5-29.8 228 8.9-299 NS Propionic acid (%) 264 19.8-324 16.8 8.7-22.8 NSt
Butyric and Butyric and
isobutyric acid (%) 10.6 6.1-149 89 6.1-11.4 NS isobutyric acid (%) 11.9 7.2-158 7.8 2.8-11.3 NS
Valeric and isovaleric Valeric and isovaleric
acid (%) 0.7 0-2.9 395 0-8.3 NS acid (%) 2.5 0-7.9 24 0-39 NS
*n=4. *n=4.

$ NS, not significant.

been found between diarrhea, occurrence of the sugars in the
stools, and drop of fecal pH (4, 27). It is puzzling that in
Perman et al. work (7), no diarrhea occurred in three out of
four subjects in spite of a marked decrease of fecal pH. Thus,
our findings do not support the hypothesis of an inhibition of
colonic bacterial metabolism. However a drop of H, breath
excretion was observed between the beginning and the end of
the lactulose maintenance period. It was less marked than in
Perman et al. experiments, but still statistically significant.
This last finding, together with the markedly increased fecal
output of B-galactosidase activity, suggested a possible change
in the metabolic pathways of bacterial sugar fermentation.
This could represent an adaptation to the repeated colonic
load of fermentable carbohydrates.

This hypothesis was confirmed by the second part of our
experiments, comparing at the beginning and at the end of
the lactulose maintenance period biochemical events occurring
in the cecum following 20-g lactulose ingestion. Both peak
concentration of lactulose and areas under the curves of
lactulose, fructose, and galactose concentrations significantly
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Figure 7. Total VFA concentrations in cecal fluid after 20 g lactulose
ingestion on day 1 (circles) and on day 8 after the lactulose mainte-
nance period (squares) for four subjects. Bars represent the SEM.
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1 NS, not significant.

decreased from day 1 to day 8. These findings may be
explained in two ways: a shortening of the transit time in the
right colon resulting in a quicker emptying of cecal content
into the more distal colon (27, 28), or an increased velocity of
bacterial breakdown of lactulose and of its constituent hexoses.
The following statistically significant variations between days
1 and 8 favor the second hypothesis: (a) deeper drop of cecal
pH; (b) increase in areas under the curves of total VFA,
acetic and lactic acid cecal concentrations; (c) and increase in
14CO, pulmonary excretion. Increment in VFA and lactic acid
cecal concentrations could not be accounted for by a de-
creased absorption rate, since the drop of intraluminal pH en-
hances the absorption of nonionic forms of these weak
acids (29).

Our data not only strongly suggest a quicker bacterial
catabolism of lactulose, but also support the hypothesis of a
change in metabolic pathways. Indeed, H, breath excretion
decreased, whereas the molar ratio of acetic acid to total VFA
and the concentration of lactic acid of cecal content increased
significantly between days 1 and 8. A decrease in pH of cecal
content markedly favour the growth of lactic acid producing
bacteria such as Lactobacillus, Bifidobacterium, and Eubacter-
ium species (14, 19). These microorganisms are able to maintain
an intracellular pH of 6.5 even in the presence of an extracellular
pH of 3.5 or less (30). At such an acidic pH they remain good
producers of $-galactosidase. The catabolism of carbohydrates
by these bacteria increases acetic and lactic acid production,
and thus is responsible for a markedly decreased H, production

Time (h)

Figure 8. Mean cecal fluid pH following 20 g lactulose ingestion on
day 1 (circles) and on day 8 after the lactulose maintenance period
(squares) for four subjects.



(11, 13, 14, 19, 30-32). Furthermore, the dome-shaped curve
of lactic acid cecal concentrations at day 8, contrasting with
the plateauning of VFA levels, strongly suggests that chronic
lactulose administration induced an increased number or
activity of lactic acid-metabolizing bacteria. All studies on the
effects of an oral load of nonabsorbable sugars failed to show
any significant modification of bacterial flora populations (9,
33), whereas studies of bacterial enzymes revealed marked
changes (14, 31). However, the enormous complexity of fecal
flora makes the demonstration of population level changes
very difficult. The use of gnotobiotic animals harboring selected
bacteria from human colonic flora could be of great help in
demonstrating both bacterial population and metabolic activity
changes.
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