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Abstract
Purpose  Bacillus coagulans GBI-30, 6086 (BC30) was previously shown to improve nutrient digestibility and amino acid 
absorption from milk protein in vitro. However, the effect of supplementation with this probiotic on lactose digestibility has 
not yet been evaluated in vivo.
Methods  Wistar female rats were exposed to an acute high-lactose diet (LD; 35% lactose) meal challenge after 7 days of 
administration of BC30 (LD-BC; n = 10) or vehicle (LD-C; n = 10). Rats treated with vehicle and exposed to control diet 
(CD; 35% corn starch) meal were used as controls (CD-C; n = 10). Carbohydrate oxidation (CH_OX) and lipid oxidation 
(L_OX) were monitored by indirect calorimetry before and after lactose challenge. After the challenge, rats were treated 
daily with vehicle or probiotic for an additional week and were fed with CD or LD ad libitum to determine the effects of 
BC30 administration in a lactose-induced diarrhoea and malnutrition model.
Results  LD-C rats showed lower CH_OX levels than CD rats, while LD-BC rats showed similar CH_OX levels compared 
to CD rats during the lactose challenge, suggesting a better digestion of lactose in the rats supplemented with BC30. BC30 
completely reversed the increase in the small intestine length of LD-C animals. LD-BC rats displayed increased intestinal 
mRNA Muc2 expression. No significant changes were observed due to BC30 administration in other parameters, such as 
serum calprotectin, intestinal MPO activity, intestinal A1AT and SGLT1 levels or intestinal mRNA levels of Claudin2 and 
Occludin.
Conclusion  Treatment with BC30 improved the digestibility of lactose in an acute lactose challenge and ameliorated some 
of the parameters associated with lactose-induced malnutrition.
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Introduction

It is estimated that lactose represents approximately 6% 
of the carbohydrates consumed in Western countries [1]. 
Although dairy product consumption is much higher in 
developed countries than in developing countries, the share 
in developing countries is continuously increasing [1, 2].

Lactose is primarily digested in the small intestine, 
where it is hydrolysed by the enzyme lactase to yield the 
monosaccharides glucose and galactose, which are then 
actively transported into epithelial cells (enterocytes) by 
the sodium(+)/glucose (galactose) cotransporter (SGLT1) 
[3, 4]. Most mammals present high concentrations of intes-
tinal lactase at birth and during suckling. However, lactase 
expression declines after weaning, which can result in 
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lactose malabsorption (LM) and can eventually lead to lac-
tose intolerance (LI), characterized by symptoms such as 
diarrhoea, abdominal pain or bloating [4]. Currently, man-
agement of LM and LI mainly consists of avoiding lactose 
intake [5]. Although lactase supplementation can improve 
some symptoms, clinical studies show significant variabil-
ity in patient outcome [6]. Another approach is treatment 
with probiotics with lactase activity, such as Lactobacillus 
spp., Bifidobacterium longum or Bifidobacterium animalis, 
with the aim of colonizing the intestinal tract with lactase-
producing bacteria [4]. Although a recent systematic review 
indicates an overall positive effect of this approach, most 
clinical studies present sample size limitations, and further 
studies are needed to elucidate the efficacy of these treat-
ments [7].

One of the probiotic strains with a proven capacity to 
digest lactose is Bacillus coagulans GBI-30, 6086 (BC30) 
[8]. BC30 is a lactic acid-producing, spore-forming bacte-
rial species. Due to its spore-forming ability, it can survive 
in the acidic environment of the stomach and colonize the 
gut, and this ability ensures high viability in food products 
throughout the shelf life [9]. A variety of positive effects 
related to its consumption have been demonstrated, such as 
improvement in abdominal pain and bloating in patients with 
irritable bowel disease (IBS) or postprandial intestinal gas-
related symptoms [10, 11], anti-inflammatory and immune-
modulating effects [12, 13] or improvement in symptoms 
related to induced colitis in mice [14]. Moreover, BC30 
has been shown to improve nutrient digestibility and amino 
acid absorption from milk protein [15]. However, to date, 
the effect of supplementation with this probiotic on lactose 
digestibility or its mechanisms of action have not yet been 
evaluated in vivo.

Adult rats represent a natural model of LM, since their 
intestinal lactase activity is drastically decreased after wean-
ing, reaching residual levels (approximately 8 and 1 nmol/
min/mg at the top and bottom segments of the small intes-
tine, respectively) at 30 days after birth [16]. In fact, it has 
been reported that rats fed ad libitum with diets with more 
than 20% lactose content show LI-characteristic symp-
toms, such as diarrhoea, malnutrition and intestinal dam-
age [17–20]. The measurement by indirect calorimetry of 
carbohydrate oxidation (CH_OX) levels after a lactose oral 
load is considered a surrogate marker of lactose digestion 
and absorption, since lower digestion levels of lactose are 
translated into a lower utilization of carbohydrates as an 
energy source and consequently lower CH_OX measured 
levels. Therefore, lactose digestion and absorption can be 
indirectly evaluated by comparing CH_OX in rats consum-
ing a lactose-based meal with rats consuming an isoca-
loric meal containing a different carbohydrate source [21]. 
CH_OX levels after a lactose meal have also been shown to 
correlate with lactose absorption in humans, since lactose 

malabsorbers present lower levels of CH_OX after a lactose 
load than lactose absorbers [22].

Accordingly, we hypothesized that supplementation with 
the probiotic BC30 will have beneficial effects on lactose 
digestibility and will improve some of the negative effects 
associated with the intake of lactose-rich diets in a natural 
model of lactose-intolerant rats. Thus, the aims of the pre-
sent study were to evaluate whether the oral administration 
of the probiotic BC30 counteracted or ameliorated LM in 
rats challenged with a high-lactose diet and to shed some 
light on the underlying mechanisms.

Materials and methods

Experimental diets

A custom control diet (CD; D18080205) and an isocaloric 
high-lactose diet (LD; D18080206) were designed for this 
study (Research Diets, Inc., New Brunswick, New Jersey, 
USA) (Table 1). Both diets contained 21% protein, 63% car-
bohydrates and 7% fat. Both diets were identical except that 
the CD contained 35% corn starch, providing 56.4% of the 
carbohydrates of the diet, while in the LD, all the corn starch 
was replaced by lactose.

Animal procedure

The Animal Ethics Committee of the Technological Unit 
of Nutrition and Health of EURECAT (Reus, Spain) and 
the Generalitat de Catalunya approved all procedures (code 
10279). The experimental protocol followed the “Princi-
ples of Laboratory Care” and was carried out in accord-
ance with the European Communities Council Directive 
(86/609/EEC). A total of 30 12-week-old female Wistar 
rats (Envigo, Barcelona, Spain) were used. All animals were 

Table 1   Compositions of the diets

CD control diet; LD lactose diet

CD (D18080205) LD (D18080206)

g/100 g kcal/100 g g/100 g kcal/100 g

Casein 20.51 82.05 20.51 82.05
dl-Methionine 0.31 1.23 0.31 1.23
Corn starch 35.08 140.31 0.00 0.00
Maltodextrin 15.38 61.54 15.38 61.54
Lactose 0.00 0.00 35.08 140.31
Sucrose 11.59 46.36 11.59 46.36
Cellulose BW200 5.13 0.00 5.13 0.00
Corn oil 7.18 64.62 7.18 64.62
Mineral mix S10001 3.59 0.00 3.59 0.00
Vitamin mix V10001 1.03 4.10 1.03 4.10
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housed individually at 22 °C with a light/dark cycle of 12 h 
(lights on at 8:00 a.m.) and were given access to food and 
water ad libitum during the entire experiment. After one 
week of acclimatization, animals were assigned to the dif-
ferent experimental groups to obtain groups with similar 
mean body weights.

The whole study was planned in two differentiated phases 
(Fig. 1): in the first experimental phase, animals received 
the CD ad libitum for 1 week and were orally administered 
daily with 361 µl of vehicle (water) (n = 20) or 361 µl of 
the vehicle containing 109 colony forming units (CFUs) of 
BC30 (Kerry Inc, Beloit, Wisconsin, USA) (n = 10). On the 
eighth day of study, the animals were exposed to a lactose 
challenge. In the second experimental phase, beginning after 
the lactose challenge, rats were fed ad libitum with the CD or 
LD until Day 15 and received the corresponding treatment 
until Day 14. Body weight was recorded at the beginning 
and end of each experimental phase. On Day 15, animals 
were euthanized under anaesthesia (pentobarbital sodium; 
80 mg/kg body weight) after 6 h of diurnal fasting. Blood 
was collected by cardiac puncture, and serum was obtained 
and stored at −80 °C until analysis. The liver, caecum, colon, 
small intestine and spleen were rapidly removed, weighed, 
frozen in liquid nitrogen, and stored at −80 °C. Small intes-
tine and colon lengths were recorded.

Lactose challenge and indirect calorimetry 
measurements

For the lactose challenge, a previously described protocol 
was followed [21], with some modifications. Briefly, at 
4:30 a.m. on the seventh day of the study, animals were 
placed in an Oxylet ProTM System (PANLAB, Cornellà, 

Spain) in individual acrylic boxes (Oxylet LE 1305 Physi-
ocage; PANLAB) with no food and free access to water. 
After 16 h of fasting, CD-C and LD-C animals received 
vehicle treatment, and LD-BC animals received BC30 
treatment. After treatment, a 4-g CD meal was placed 
in each cage for CD-C animals, and a 4-g LD meal was 
placed in each cage for LD animals. All animals were 
maintained in the calorimetric system for 6 h after treat-
ment and meal exposure. At the end of the challenge, all 
feed offered was ingested by all rats. Oxygen consump-
tion (VO2) and carbon dioxide production (VCO2) were 
measured in ml/min/kg0.75 every 15 min throughout the 
period that the animals were inside the system by an O2 
and CO2 analyser (Oxylet LE 405 gas analyser; PAN-
LAB) at a controlled flow rate of 600 ml/min (Oxylet LE 
400 air supplier, PANLAB). At each point of analysis, 
the software program Metabolism 2.1.02 (PANLAB) 
automatically calculated the respiratory quotient (RQ) as 
the VCO2/VO2 ratio and the energy expenditure (EE) in 
kcal/day/kg0.75 as VO2 × 1.44 × [3.815 + (1.232 × RQ)], 
according to the Weir formula [23], and converted it to 
kJ/day/kg0.75 by multiplying the values by 4.184. To cal-
culate the rates of lipid oxidation (L_OX) and carbohy-
drate oxidation (CH_OX), VO2 and VCO2 measurements 
were used, and the stoichiometric equations of Frayn [24], 
which define the oxidation of carbohydrates (g/min) as 
4.55 × VCO2 − 3.21 × VO2 − 2.87 n and the oxidation of 
fat (g/min) as 1.67 × VO2 − 1.67 × VCO2 − 1.92 n, were 
applied. According to Carraro et al. [25], a nitrogen excre-
tion rate (n) of 135 μg/kg/min was assumed. To obtain 
the EE from fat and carbohydrate in kJ, the fat and carbo-
hydrate rates were multiplied by 37 and 16, respectively, 
using the Atwater general conversion factor [26].

Fig. 1   Study design. Experi-
mental timeline showing the 
days when each experimental 
procedure was applied
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Stool collection and assessment of qualitative score 
and water content

On the ninth and 14th days of the study, fresh stool was 
obtained from rats under manual restraint by spontaneous 
or perianal-stimulated defecation. The qualitative appear-
ance of the stool was assessed on a 3-point scale [where the 
grades were normal (1), semisolid (2), and diarrhoea (3)], 
as previously described [27]. Stool samples were weighed 
and dried at 70 °C for 24 h. Dry stools were weighed again 
to determine the percentage of the wet weight of the stool. A 
portion of fresh stool was homogenized in PBS at 10 mg/ml 
and centrifuged at 1500×g for 10 min, and the supernatant 
was used to perform calprotectin determination.

Calprotectin levels in faeces and serum

Calprotectin levels were measured in faeces homogenates 
and serum samples obtained during the sacrifice of the ani-
mals using the Rat Calprotectin ELISA Kit (E-EL-R2389, 
Elabscience Biotechnology Inc., Houston, Texas, USA) 
according to the manufacturer’s protocol.

SGLT1 and A1AT levels in jejunum

Fifty milligrams of jejunum sections were homogenized in 
0.5 ml of phosphate buffered saline (PBS). Homogenates 
were centrifuged at 10,000×g for 20 min, and supernatants 
were collected and stored at −80 °C until analysis. SGLT1 
and Alpha-1 antitrypsin (A1AT) levels were measured in the 
supernatants using the Rat Sodium/Glucose Cotransporter 
1 ELISA Kit (MBS765055, MyBioSource) and the Rat 
Alpha 1-Antitrypsin ELISA Kit (E-EL-R2420, Elabscience), 
according to the manufacturers’ protocols. Protein concen-
tration was determined using a BCA kit (BCA Pierce-23225, 
Thermo Fisher Scientific, Waltham, Massachusetts, USA) to 
normalize SGLT1 and A1AT levels against the total protein 
content.

Myeloperoxidase (MPO) activity in jejunum

Fifty milligrams of jejunum sections were homogenized, and 
MPO activity was determined in the supernatant using a 
previously described kinetic method based on the formation 

of a measurable product at 460 nm after the reaction of 
o-dianisidine dihydrochloride with MPO in the presence of 
hydrogen peroxide [28, 29]. A unit of MPO is defined as the 
degradation of 1 µmol of H2O2 per min at 25 °C.

RNA extraction and gene expression analysis

Total RNA from jejunum samples was extracted using 
Tripure Reagent (Roche, Barcelona, Spain) and purified 
using RNeasy Mini Kit spin columns (Qiagen, Hilden, 
Germany) according to the manufacturer’s instructions. 
The RNA yield and quality were determined in a Nanodrop 
ND 1000 spectrophotometer. cDNA was synthesized from 
1 µg of total RNA using the High Capacity cDNA Reverse 
Transcription Kit (Applied Biosystems, Waltham, Mas-
sachusetts, USA) and was subjected to q-PCR using the 
LightCycler 480 II System with SYBR Green I Master Mix 
(Roche Diagnostic, Barcelona, Spain) with specific primers 
(0.2 µM) (Table 2). The relative expression of each mRNA 
was calculated using the 2ΔΔCt method [30], with Ubiquitin 
C (Ubc) as the reference gene. Each PCR was performed at 
least in triplicate.

Statistical analysis

Data are expressed as the mean ± standard error of the mean 
(SEM). Grubbs’ test was used to detect outliers, which 
were discarded before subsequent analyses. The differences 
between groups in continuous measures were analysed using 
one-way analysis of variance (ANOVA). When the one-way 
ANOVA was significant (p < 0.05), Fisher’s least significant 
difference (LSD) post hoc analysis was performed. The dif-
ferences between groups in parameters measured over time, 
such as RQ, CH_OX, L_OX and EE, were analysed using 
repeated-measures ANOVA (rmANOVA) with group (G) 
and time (t) as fixed factors. The effect of the interaction 
between group and time factors (G × t) was also analysed in 
the rmANOVA. Student’s t test was used for single statistical 
comparisons. All statistical tests were performed with the 
statistical software IBM Statistical Package for the Social 
Sciences (SPSS) Statistics v26. The level of statistical sig-
nificance was set at p < 0.05. GraphPad Prism v. 9.4.1 was 
used to generate the figures.

Table 2   List of oligonucleotide pairs used for mRNA q-PCR experiments

Gene NCBI accession no Forward primer Reverse primer

Ubc NM_017314.1 ATC​TAG​AAA​GAG​CCC​TTC​TTG​TGC​ ACA​CCT​CCC​CAT​CAA​ACC​C
Claudin2 NM_001106846.2 GCC​CTT​CGA​GAA​AGA​ACA​GC GAT​CCC​GGC​CTC​TAA​TCC​CT
Occludin NM_031329.2 TGA​ACA​GCC​CCC​TAA​TGT​GG TGC​CAT​TCA​CTT​TGC​CGT​TG
Muc2 XM_039101270.1 AGG​TTC​CTG​GGG​AAT​GTT​GC ACC​TGT​CGT​TGG​GGT​TTT​TCT​
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Results

Bacillus coagulans GBI‑30, 6086 administration 
increases carbohydrate oxidation in rats exposed 
to a high‑lactose meal

Indirect calorimetry measurements showed that animals 
exposed to a high-lactose meal and treated with vehicle 
(LD-C group) presented lower CH_OX and RQ levels dur-
ing the following 2-h postchallenge compared to levels in 
animals exposed to a control meal with matched amounts of 
carbohydrates (CD-C group) (Fig. 2A, B, E, F), as expected. 
Interestingly, animals exposed to the high-lactose meal and 
previously treated with BC30 (LD-BC group) showed signif-
icantly higher mean levels of CH_OX compared to those in 
LD-C animals in the following 2 h after the lactose challenge 
(p = 0.048; ANOVA post hoc LSD), with similar CH_OX 
compared to animals exposed to a control meal. A similar 
pattern was observed in the RQ evolution and RQ mean val-
ues, with a clear trend of LD-BC animals towards increased 
levels of this quotient compared to those of the LD-C group 
(p = 0.051; ANOVA post hoc LSD), indicating an increased 
carbohydrate/lipid oxidation ratio. No significant changes 
(one-way ANOVA) between groups in L_OX and EE were 
observed (Fig. 2C, D and G, H).

Biometric parameters measurements after ad libitum 
exposure to lactose diet

Animals from both groups fed a high-lactose diet ad libitum 
for one week showed a significantly lower body weight gain 
compared to that of CD-C animals, as expected, with no 
significant effects of BC30 treatment. No differences were 
observed in the colon length and the weight of the liver, 
spleen and colon (Table 3). Interestingly, small intestines 
from LD-C animals were significantly longer than those 
from CD-C animals, while BC30 treatment displayed a 
reverting effect on this parameter, since LD-BC animals 
showed similar small intestine lengths to CD-C animals. 
LD-C and LD-BC animals showed increased caecum 
weights (2.75-fold and 2.43-fold, respectively) compared 
to CD-C animals (Table 3). Although animals treated with 
BC30 showed a numerically lower caecum weight compared 
to LD-C animals, these differences were not significant 
(p = 0.103; post hoc LSD).

Stool consistency and water content

The stool consistency and stool water content were deter-
mined one day and six days after ad libitum high-lactose 
feeding. One day after high-lactose diet exposure (Day 9 of 

the study), LD-C and LD-BC animals showed significantly 
higher water contents than that of CD-C animals (65.4% and 
62.6%, respectively, vs 46.2%).

On study Day 14, when animals had been exposed to 
a lactose diet for 6 days, the stool was more consistent in 
LD-C and in LD-BC animals compared to their values on 
Day 9 of the study, although the water content remained 
higher than that in CD-C animals (Table 4). Although the 
stool water content values in LD-BC animals were numeri-
cally lower than the LD-C values on Days 9 and 14, those 
differences were not significant (p > 0.05).

SGLT1, calprotectin, A1AT and MPO levels

To detect possible changes in a key membrane transporter 
for the absorption of glucose and galactose, SGLT1 levels 
were analysed in jejunum homogenates. Although the LD-C 
group showed the highest mean intestinal SGLT1 levels, no 
significant differences were detected among groups in the 
ANOVA (Fig. 3A).

Calprotectin levels were analysed in serum and faeces as 
a marker of intestinal inflammation. Despite the fact that it 
was not possible to detect calprotectin in faecal homogenates 
(LOD = 62.5 ng/mg), analysis in serum samples showed a 
significant 38.8% increase in LD-C calprotectin levels vs. 
CD-C. No significant difference between the LD-C and 
LD-BC groups was observed concerning this parameter 
(Fig. 3B).

MPO activity was analysed in the jejunum as a marker 
of intestinal inflammation and neutrophil infiltration. Ani-
mals from both groups fed with the LD showed significantly 
higher levels of MPO activity in the jejunum than levels in 
the CD-C group, with no significant differences associated 
with BC consumption (Fig. 3C).

Intestinal A1AT levels were measured as a marker of gut 
permeability (Fig. 3D), and although no significant changes 
were observed between groups in the ANOVA, the LD-C 
and LD-BC groups showed numerically higher intestinal 
A1AT levels than the CD-C group, and a trend was observed 
in the CD-C vs. LD-C comparison (p = 0.062; Student’s t 
test).

Intestinal gene expression of Claudin2, Occludin 
and Muc2

Claudin2 (Cldn2) and Occludin (Ocln) gene expression 
levels were analysed as markers of intestinal tight junction 
permeability. Although no significant changes among groups 
were observed in the Cldn2 and Ocln mRNA levels in jeju-
num sections (Fig. 4A, B), a trend towards different Cldn2 
gene expression levels was observed (ANOVA; p = 0.097), 
showing a 1.81-fold reduction in LD-C animals vs. CD-C 
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Fig. 2   Evolution (A–D) and 2-h mean values (E–H) after lactose 
challenge of the respiratory quotient (RQ) (A, E), carbohydrate oxi-
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Table 3   Biometric parameters 
of tissues

Data are expressed as the mean ± SEM. ab, values with unlike letters are significantly different among 
groups (one-way ANOVA and LSD post hoc comparison, p < 0.05)
CD-C animals fed a control diet; LD-C animals fed a lactose diet and treated with vehicle; LD-BC animals 
fed a lactose diet and treated with BC30

CD-C LD-C LD-BC p (ANOVA)

Body weight gain phase 2 (g) 15.49 ± 3.56a 7.44 ± 1.33b 7.16 ± 1.78b 0.035
Liver weight (g) 7.21 ± 0.19 6.78 ± 0.12 6.85 ± 0.21 0.208
Spleen weight (g) 0.61 ± 0.03 0.59 ± 0.03 0.54 ± 0.03 0.194
Small intestine length (cm) 79.9 ± 1.6a 90.6 ± 2.7b 80.25 ± 2.8a 0.005
Colon length (cm) 14.2 ± 0.7 15.5 ± 0.7 15.4 ± 0.5 0.34
Colon weigh (g) 1.28 ± 0.03 1.38 ± 0.06 1.38 ± 0.03 0.188
Colon weight/length ratio (g/cm) 0.09 ± 0.00 0.09 ± 0.00 0.09 ± 0.00 0.833
Cecum weight (g) 2.16 ± 0.19a 5.94 ± 0.31b 5.25 ± 0.37b  < 0.001

Table 4   Stool water content 
and diarrhoea index at Days 9 
and 14

Data are expressed as the mean ± SEM. ab, values with unlike letters are significantly different among 
groups (one-way ANOVA and LSD post hoc comparison, p < 0.05)
CD-C animals fed a control diet; LD-C animals fed a lactose diet and treated with vehicle; LD-BC animals 
fed a lactose diet and treated with BC30

CD-C LD-C LD-BC p (ANOVA)

Stool water content, day 9 (%) 46.2 ± 0.7a 65.4 ± 3.6b 62.6 ± 3.1b  < 0.001
Diarrhoea index, day 9 1.00 ± 0.00 1.40 ± 0.22 1.30 ± 0.13 0.162
Stool water content, day 14 (%) 46.4 ± 0.8a 52.7 ± 2.0b 50.8 ± 1.3b 0.016
Diarrhoea index, day 14 1.00 ± 0.00 1.15 ± 0.08 1.05 ± 0.05 0.142

Fig. 3   Levels of SGLT1 in 
jejunum homogenates (A) and 
levels of serum calprotectin (B), 
intestinal MPO activity (C) and 
intestinal A1AT (D). Data are 
expressed as the mean ± SEM 
(n = 10). ab, values with unlike 
letters are significantly differ-
ent among groups (one-way 
ANOVA and LSD post-hoc 
comparison, p < 0.05)
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animals, while LD-BC animals showed similar Cldn2 
expression compared to that of CD-C animals (Fig. 4A).

Mucin 2 (Muc2) mRNA levels were analysed as a marker 
of mucin production, indicative of the state of the intestinal 
mucosa layer. Interestingly, BC30-treated animals showed a 
significant 1.77-fold induction of Muc2 gene expression in 
the jejunum compared to that of LD-C animals (p = 0.033; 
post hoc LSD) and CD-C animals (p = 0.035; post hoc LSD), 
while no changes due to the lactose diet were observed in 
this gene (Fig. 4C).

Discussion

In the present study, we evaluated the effectiveness of BC30 
supplementation on the reversal of the symptoms caused 
by a one-time intake of a lactose-rich meal and continuous 
exposure to a lactose-rich diet in a natural model of lactose-
intolerant rats. Similar to the study published by Alexan-
dre et al. [21], the calorimetry results showed that animals 
exposed to a lactose-rich meal displayed lower levels of RQ 
and CH_OX following meal intake in comparison to ani-
mals that consumed an isocaloric control meal with the same 
amount of carbohydrates, indicating a less efficient use of 
the carbohydrate fraction from lactose and confirming the 
usefulness of indirect calorimetry measurements as an indi-
cator of lactose digestion. The carbohydrate oxidation and 
respiratory quotient measured by indirect calorimetry have 
been shown to significantly correlate with traditional mark-
ers of lactose digestion, such as the hydrogen breath test, 
blood glycaemia, and even hypogastric pain in humans [22]. 

Interestingly, animals supplemented with BC30 oxidized 
a similar amount of carbohydrates after lactose intake as 
animals exposed to the nonlactose control meal, suggesting 
that animals supplemented with BC30 successfully digested 
lactose almost entirely. This finding is in accordance with 
the work of Maathuis et al., who reported the capacity of 
BC30 to digest lactose in an in vitro model of the stom-
ach and small intestine [8]. After ad libitum exposure to the 
LD, small intestines from LD-C animals were significantly 
longer than those from CD-C animals, a fact that has been 
associated with a compensatory mechanism to increase the 
absorption of nutrients in cases of malnutrition [31] and 
could be due to the lower levels of carbohydrate absorp-
tion in LD-C animals. In line with this hypothesis, LD-BC-
treated animals exhibited a reversal of the increase in small 
intestine length, presumably because of their major levels of 
carbohydrate utilization and lactose absorption.

The stool consistency analysis showed that animals 
consuming the LD excreted wetter faeces, as previously 
described [32], showing some degree of adaptation to the 
diet, since the stool water content of these animals was sig-
nificantly lower after 1 week of consuming the diet in com-
parison to 1 day after the first exposure. BC30 supplementa-
tion seemed to slightly ameliorate stool consistency at both 
analysed times, even though these differences did not reach 
statistical significance.

Caecal distension and an increase in the caecal con-
tent have been widely described in rats exposed to lactose 
[32–34], as we report in the present study, a fact presum-
ably related to the increase in caecal fermentation due to 
lactose [21]. Despite the fact that BC30-supplemented rats 

Fig. 4   Relative mRNA expres-
sion levels of Cldn2 (A), Ocln 
(B) and Muc2 (C) in jejunum 
sections. Data are expressed as 
the mean ± SEM (n = 10). ab, 
values with unlike letters are 
significantly different among 
groups (one-way ANOVA and 
LSD post hoc comparison, 
p < 0.05)
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showed a trend towards a slightly lower caecum weight 
compared to LD-C animals, this effect was not enough 
to revert the increase in caecum weight caused by LD. 
In this sense, it would be interesting for further studies 
to determine the effect of BC30 supplementation on the 
caecal content of rats exposed to lactose. These results, 
together with the nondifferences observed in body weight 
compared to LD-C animals, suggest that although BC30 
consumption enhanced lactose oxidation in a one-time 4-g 
meal containing 35% lactose, the amelioration in lactose 
oxidation capacity is not enough to counteract the nega-
tive effects of a continuous ad libitum high-lactose diet of 
approximately 20 g per day.

SGLT1 is the key transporter for the absorption of glu-
cose and galactose in the gastrointestinal tract [35]. Numeri-
cally higher levels of this parameter were observed in the 
LD-C animals, which suggests that these animals increased 
the production of this transporter as a compensation mecha-
nism for the lack of glucose and galactose absorption due 
to their incapacity to digest lactose and that the rats supple-
mented with BC30 did not need to increase SGLT1 produc-
tion. However, these differences were not significant, and 
further studies are needed to confirm this hypothesis.

Calprotectin is a calcium- and zinc-binding protein that 
accounts for 40–60% of the protein mass within the cyto-
sol of neutrophils. The presence of calprotectin in faeces 
is directly proportional to neutrophil migration towards the 
intestinal tract, which is related to the inflammatory process 
[36–38]. In the present study, faecal calprotectin levels were 
below the limit of detection. However, serum calprotectin 
has been shown to positively correlate with faecal calpro-
tectin, and it has also been proposed as a novel diagnos-
tic marker for IBS [39]. Intestinal MPO activity was also 
analysed as an indicator of neutrophil accumulation and 
intestinal inflammation [40]. Thus, the increase in serum 
calprotectin and intestinal MPO activity observed in rats 
exposed to lactose suggests a state of intestinal inflamma-
tion and neutrophil activation in these animals, and BC30 
supplementation was not sufficient to revert these factors.

A1AT is a serum protein that acts as a protease inhibi-
tor. In cases of intestinal barrier dysfunction, A1AT can be 
localized in the gut [41]. Claudin 2 and Occludin are tight-
junction membrane proteins that are key markers of intesti-
nal barrier permeability [42, 43]. Although ANOVA did not 
show significant differences in intestinal A1AT levels and 
mRNA levels of Cldn2 among groups, an exploratory Stu-
dent’s t test between the LD-C and CD-C rats showed a sig-
nificant reduction in Cldn2 gene expression in the jejunum 
of LD-C animals vs. CD-C and a trend towards increased 
intestinal A1AT levels in LD-C vs CD-C rats, thus suggest-
ing a decrease in intestinal permeability due to continuous 
exposure to lactose [44]. The LD-BC group showed inter-
mediate levels of Cldn2 expression between the CD-C and 

LD-C groups, suggesting a partial recovery of intestinal bar-
rier function due to BC30 supplementation.

Finally, the significant increase in Muc2 intestinal gene 
expression in animals supplemented with BC30 would 
indicate an increase in the production of mucin, one of the 
main components forming the mucous layer of the intesti-
nal barrier [45]. This finding is in accordance with several 
other studies that showed increased intestinal Muc2 gene 
expression after supplementation with several probiotics, 
such as Propionibacterium freudenreichii, Lactococcus 
lactis, Lactobacillus salivarius, Lactobacillus rhamnosus 
or different combinations of probiotics [46–51].

Conclusions

Globally, the results of the present study showed interesting 
beneficial effects of the administration of Bacillus coagulans 
GBI-30, 6086 in a rat model of lactose intolerance exposed 
to a lactose-rich meal, as evidenced by the increase in the 
oxidation of carbohydrates and the improvement in param-
eters associated with lactose-induced malnutrition, such as 
small intestine lengthening, as well as improved intestinal 
barrier function by increasing Muc2 expression. Despite 
these positive effects, BC30 administration did not counter-
act some of the effects of a one-week continuous high-lac-
tose diet, such as intestinal inflammation, minor weight gain, 
watery faeces, or a high caecum weight. However, BC-30 
supplementation could represent a promising approach to 
relieving or preventing some of the negative effects associ-
ated with lactose-induced malabsorption.
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