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Bile acids (BA) are produced in the liver and conjugated with glycine or taurine before

being released into the small intestine to aid with lipid digestion. However, excessive

BA losses through feces can occur due to several dietary factors that in turn require

greater production of BA by the liver due to a reduction in BA recycling. Consequently,

net utilization of taurine and/or glycine is increased. To quantify this impact, we conducted

a meta-analysis to investigate the effect of soluble fiber, diet composition, and species

on fecal excretion of BA. After a systematic review of the literature, twelve studies met

all inclusion criteria. Dietary carbohydrate, protein, fat, cellulose, cholesterol, soluble

fiber and animal species were tested as independent variables. Mixed models were

developed treating study as a random effect, and fixed effect variables were retained

at P < 0.05 significance and where collinearity was absent between multiple X variables.

A total of ten studies comprised of four species [(rat = 5), hamster (n = 1), guinea

pig (n = 3) and dog (n = 1)], and 30 observations were evaluated in the final models

after outlier removal. Model evaluation was based on the corrected Akaike Information

Criteria, the concordance correlation coefficient and the root mean square prediction

error. Three base models were developed, examining carbohydrate, protein and fat

impacts separately. The best fitting models included the fixed effect of species and

the interaction between soluble fiber (yes/no) and dietary carbohydrate, protein or fat

(%, as-fed). Increased concentrations of dietary protein and fat resulted in greater fecal

excretion of BA (P < 0.05). Conversely, increasing levels of dietary carbohydrate led to

lower excretions of BA (P < 0.05). Increased dietary soluble fiber containing ingredients

resulted in greater excretion of BA in all models (P < 0.05). Rats had greater excretion of

BA compared to hamsters and guinea pigs (P< 0.05) in all models, and also compared to

dogs (P < 0.05) in the carbohydrate model. The findings from this meta-analysis indicate

that not only soluble fiber, but also increasing levels of dietary fat and protein may result in

greater fecal excretion of BA, potentially altering taurine and/or glycine metabolism and

affecting the need for diet delivery of these AA.
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INTRODUCTION

Taurine deficiency has been previously reported as a causative
factor for the development of dilated cardiomyopathy (DCM) in
dogs (1) and cats (2, 3). Further to this, in 2018 the FDA also
released a warning letter regarding a possible link between the
development of DCM and dogs eating grain-free diets (4), where
much attention was also placed on taurine. Taurine is a non-
essential amino-sulfonic acid that is endogenously synthesized
by the dog if sufficient amounts of its precursors, methionine
and cysteine, are provided in the diet (5). Taurine also plays
a major role in bile acid (BA) metabolism as dogs primarily
conjugate BAs with taurine (6–8). As a result, losses of taurine can
occur through the gastrointestinal tract and are directly related to
BA losses.

Synthesis of BA occur in hepatocytes from cholesterol. Inmost
species, they are stored in the gallbladder and released into the
small intestine upon chyme arrival, to aid with digestion and
absorption of lipids and fat-soluble vitamins (9). The secretion
of BA is facilitated by cholecystokinin (CCK) that stimulates
gallbladder contraction, and thus bile release (10). Prior to
their secretion into the duodenum, BA must be conjugated
with either glycine or taurine to increase their solubility and
improve function as surfactants. The ratio of taurine to glycine-
conjugates varies across species (11) and highlights one of the
many species-specific differences regarding the metabolism of
BA. In the terminal ileum, BA are resorbed by enterocytes
and released in the portal vein to be transported back to
the liver. This process is called enterohepatic circulation and
recycles 95–98% of the total BA released in the small intestine
(12). The BA that escapes reabsorption are excreted via feces.
Interestingly, dietary fibers have been implicated in reduced
BA reabsorption through binding with BAs, and have been
shown to increase BA loss in the feces (13). Disruption of
this recycling process not only impacts BA metabolism (e.g.,
resulting in increased BA production), but also glycine and
taurine metabolism. It has been hypothesized that the high
concentration of soluble fibers in grain-free diets, resulting from
high inclusion of legumes, could lead to greater fecal losses of
taurine (14) and may be the link to DCM. Measurements of
fecal concentrations of taurine usually lead to an underestimation
of its true content as gut bacteria in the large intestine
can degrade taurine (15). Thus, fecal concentrations of BA
are commonly used as biomarkers for fecal losses of taurine
in dogs.

While the effect of soluble fibers on fecal concentrations of BA

have been studied in rats (13, 16, 17), there is a dearth of data

in dogs. Furthermore, even though both dogs and rats conjugate

BA primarily with taurine, they have species-specific differences

related to BA metabolism that may limit the translation of results
among species. For example, rats do not possess a gallbladder
and have a different composition of plasma BA compared to
dogs (18). Ko et al. (19) were the first to report that beet pulp,
a moderately fermented fiber, resulted in greater excretion of
fecal BA in Beagle dogs. However, while similar results were
observed by Donadelli et al. (20) when Labradors were fed a
grain-free diet, Pezzali et al. (14) did not observe differences in

total fecal excretion of BA in Beagles fed a grain-free compared
to a grain-based diet. The inconsistency in results between studies
raised two major questions: (1) are there any other dietary factors
acting in conjunction with soluble fibers that could lead to greater
excretion of fecal BA? and (2) can we translate the findings
observed in rodent trials to dogs even with their differences
in BA metabolism? Thus, the aim of this study was to use
a meta-analysis approach to investigate the effect of soluble
fiber inclusion, nutrient composition of the diet and species on
total fecal excretion of BA while exploring other factors that
could potentially contribute to this response. We hypothesized
that: (1) increasing concentration of dietary fat, protein and
soluble fiber would lead to greater fecal excretion of BA; and
that (2) rats would have higher excretion fecal BA compared to
the dog.

MATERIALS AND METHODS

Literature Search and Database
A systematic literature review of English language papers
published after 1985 was conducted in two databases: PubMed
and Google Scholar. The search was conducted between February
and March 2021. The following terms were used to identify
studies that measure the effect of fiber on total excretion of
fecal bile acids: “bile acid [title] OR bile acids [title] AND fiber
OR fiber AND excretion [title/abstract]” and “fiber AND bile
acid AND excretion AND fecal.” This search retrieved 1,515
records in PUBMED and 18,100 records in Google Scholar,
as illustrated via literature funnel (Figure 1). After removal of
duplicated articles, 97 articles were assessed for eligibility. For
inclusion in the dataset, studies were required to include a control
treatment group that did not include any major soluble fiber
ingredient in the diet, and a soluble fiber treatment that consisted
of a diet with inclusion of a soluble fiber source (e.g., pectin). In
addition, articles must have used monogastric species as subjects
and reported the following: feed intake, fecal excretion of BA
(µmol/d) and the ingredient or nutritional composition of the
diet. Studies that did not report BA in µmol/d were considered
eligible if sufficient data was reported to allow conversion of BA
from the reported unit to µmol/d. If individual BA output was
reported, they were summed up and added in the database as
total excretion of BA. In addition, studies on humans and/or
unhealthy subjects were excluded (the former, due to the lack of
data on feed intake and diet composition, the latter for potential
interaction with the main effects of interest). When ingredient
composition of the diet was disclosed, the dietary carbohydrate,
fat and protein content (%, as-fed) were calculated according
to the ingredient inclusion and its nutritional profile based on
the United States Department of Agriculture FoodData Central.
Of the 97 articles, ten studies met the aforementioned exclusion
criteria and were used for this meta-analysis after outlier removal
which led to a total of 30 treatment means from 278 animals from
four species [(rat = 5), hamster (n = 1), guinea pig (n = 3) and
dog (n = 1)]. Of the 30 treatment means, 7 represented control
treatments and 23 soluble fiber treatments (due to multiple
soluble fiber treatments/study) (Table 1).
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FIGURE 1 | Literature funnel.

For data extraction and database development, additional
information such as the addition of cellulose or cholesterol to
the diet, as well as the duration of each dietary treatment,
was recorded. In experiments where total excretion of
BA was reported at multiple time-points, only the means
for the last time point were added to the database. One
study provided total excretion of BA data via graph,
and Web Plot Digitizer was used to extract those values
(WebPlotDigitizer, version 4.4). Because eligible studies
contained different species as subjects, total excretion of BA
was standardized to the feed intake to allow comparison
between species:

Total fecal BA excretion (µmol/g feed intake) :
total fecal BA excretion (µmol

d
)

feed intake (
g
d
)

(1)

Descriptive analysis of the dependent and the independent
variables in the dataset are reported in Table 2.

Model Development
All procedures were performed using SAS studio (SAS Inst., Cary,
NC). The following driving variables (X) were assessed to model
total fecal BA excretion (µmol/g intake): dietary carbohydrate (%
of feed, as-fed), dietary fat (% of feed, as-fed), dietary protein
(% of feed, as-fed), cellulose inclusion (yes/no and continuous),
cholesterol inclusion (yes/no and continuous), soluble fiber
inclusion (yes/no and continuous), time on treatment (weeks)
and species. Cellulose, cholesterol and soluble fiber were
evaluated as both categorical (yes/no, included or not included)
and continuous (inclusion level, % of feed, as-fed) variables.
The PROC CORR procedure was used to evaluate collinearity
between continuous driving (X) variables, and was claimed when
P < 0.05 for the correlation. Variables that were collinear were
not considered for placement in the same equations together.

To visualize the database, the mean difference (MD) was
calculated by subtracting the total BA excretion (µmol/g feed
intake) in the control group from the soluble fiber group in
each study. The SEM of the MD was used to calculate the 95%
confidence internal of the MD and to generate a forest plot using
PROC SGPLOT.

After visual assessment of the data and model assumptions,
data were log-transformed for analysis and model development.
Mixed models were developed using the PROC GLIMMIX
procedure of SAS. Study was treated as a random effect to account
for between-study differences with respect to the predicted and
driving variables between studies (30). First, univariate models
considering soluble fiber (categorical variable) were developed.
Next, the driving variables (Xs) related to diet composition
were assessed within univariate models or as an expansion of
the soluble fiber univariate model. Finally, the effect of species
was assessed in the models that considered soluble fiber and
the driving variables related to diet composition to develop
multivariate models that describe variation in the data due to
both diet composition and species. Variables were retained as
fixed effects in the model when deemed significant (P < 0.05)
and where the residual error and random effect were normally
distributed. Model assumptions regarding the residuals and
random effect were evaluated via visual assessment of residual,
histogram and QQ plots and using the Shapiro-Wilk test. The
corrected Akaike information criterion (AICc) was used for
model comparison to evaluate model goodness of fit during
development (to compare between models and within models
to determine the optimal variance/covariance structure and
inclusion/exclusion of random/fixed effects), where lower values
indicate better fit. Influential outliers were detected and removed
from the dataset using the Cook’s distance test in PROCMIXED.
A summary of the dataset after outlier removal is provided in
Table 1.
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TABLE 1 | Summary description of publications included in the meta-analysis.

References Species Experimentala

Design

Nb Weeks

on

treatment

Cholesterol

inclusion

Soluble fiber

source (SFC)c
SFC Inclusion

(%)

Resultsd

Gallaher and Chen (21) Rat CRD 30 6 N Soy

polysaccharide

10.36 =e

Innami et al. (22) Rat RCBD 32 3.5 N Jews Mellow Leaf 15.02 ↑

Persimmon Leaf 10.62 ↑

Kim and Shin (23) Rat CRD 32 4 Y Chicory Extract 1 ↑

Chicory Extract 5 ↑

Inulin 5 ↑

Ko et al. (19) Dog RCBD 12 12 N Beet Pulp 4.7 ↑

Levrat et al. (24) Rat CRD 20 3 N Inulin 10 ↑

Moundras et al. (25) Rat CRD 36 3 N Gum Arabic 7.5 ↑

Guar Gum 7.5 ↑

Santas et al. (26) Guinea

Pig

CRD 16 8 N Maltodextrin 12 =

Terpstra et al. (27) Hamster RCBD 56 7 Y Calcium-sensitive

pectin

3 =

Non-calcium

sentitive-pectin

3 =

Psyllium 3 ↑

Trautwein et al. (28) Hamster CRD 30 4 Y Low-esterificaiton

pectin

8 =

High-esterificaiton

pectin

8 =

High viscosity guar

gum

8 =

Low viscosity guar

gum

8 =

Trautwein et al. (29) Hamster CRD 40 6 Y High-esterificaiton

Pectin

8 =

Low-esterificaiton

Pectin

8 =

High viscosity guar

gum

8 =

Low viscosity guar

gum

8 =

aCRD, complete randomized design; RCBD, randomized complete block design.
bTotal number of animals in the control and treatment group.
cOnly the treatments included in the model after outlier removal are presented.
dResults from total excretion of bile acids from the treatment group compared to control, where: = no effect; ↑ higher compared to the control group; ↓ lower compared to the
control group.
eCompared to the high-fat control group.

Model Evaluation
Models were evaluated both visually and statistically. Plots of
predicted vs. observed and predicted vs. conditional residuals
(predicted – observed) were generated for visual assessment of
patterns after model development. When a driving variable was
deemed non-significant and removed, the removed variable was
plotted vs. the residuals to further investigate if it influenced
the model. To do so, significance of the slope (P < 0.05) of the
residual vs. variable plot was evaluated through the PROC REG
procedure of SAS.

The models developed were statistically evaluated back on
the model development database by calculating the mean square

prediction error (MSPE) as follow:

MSPE =
∑n

i=1
(Oi− Pi)2/n (2)

Where Oi is the observed value, Pi is the predicted value and n
is the number of observations. The MSPE was also expressed as
the square root of MSPE (RMSPE), relative to the observed mean
(%), as:

RMSPE =
√
MSPE

O
∗100 (3)
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TABLE 2 | Descriptive statistics of the dependent and independent variables in the dataset.

Variablea All data Rats Hamster Dog Guinea Pig

Mean (SD) Min Max Mean (SD) Mean (SD) Mean (SD) Mean (SD)

Total fecal excretion of BA (µmol/d)

Control 19.9 (36.57) 2.7 103 7.94 (2.912) 3.25 (0.771) 102 6.29

Soluble Fiber 16.4 (38.17) 2.7 189 13.9 (5.47) 3.69 (0.856) 189 7.61

Overall 17.2 (37.21) 2.7 189 12.5 (5.54) 3.62 (0.829) 146 (61) 6.95 (0.933)

Total fecal excretion of BA (µmol/g feed intake)

Control 0.30 (0.121) 0.18 0.50 0.40 (0.130) 0.22 (0.055) 0.24 0.23

Soluble Fiber 0.44 (0.273) 0.17 1.07 0.68 (0.240) 0.23 (0.071) 0.43 0.29

Overall 0.41 (0.251) 0.17 1.07 0.62 (0.248) 0.23 (0.067) 0.33 (0.132) 0.26 (0.043)

Feed intake (g/day) 46.4 (105.58) 13.8 443 20.3 (2.66) 15.9 (1.67) 435 (12) 26.9 (0.85)

Dietary carbohydrate (%) 54.8 (8.71) 8.71 72 61.6 (8.29) 49.5 (4.01) 55.8 (1.40) 44.3

Dietary fat (%) 16.2 (5.59) 6.31 21.1 15.5 (5.09) 16.1 (6.80) 11.8 (0.07) 16.9

Dietary protein (%) 14.1 (4.04) 6.2 18.1 13.1 (4.89) 14.8 (3.21) 20.3 18.1

n (treatment means) 30 – – 13 13 2 2

n (studies) 10 – – 5 3 1 1

aBA = bile acids; Overall = control and soluble fiber treatment results combined.

The RMSPE was decomposed into error due to random
disturbance (ED), overall bias error (ECT) and regression slope
deviation (ER) according to Bibby and Toutenburg (31). Each
category was expressed as percentage of MSPE and calculated
as follow:

ECT = (P − O)
2

(4)

ED =
(

1− R2
)

∗So2 (5)

ER =
(

Sp− R∗So
)2

(6)

Where Sp is the predicted standard deviation, So the observed
standard deviation and R the Pearson correlation coefficient.

The concordance correlation coefficient (CCC) was also used
for model evaluation, as an index of reproducibility, with value
ranging from −1 to 1, where 1 indicates perfect agreement
between observed and predicted values, −1 represents perfect
disagreement and 0 indicates no agreement (32):

CCC = R∗Cb (7)

Where Cb (value range 0–1) was calculated as a bias correction
factor used to measure accuracy:

Cb =

⌈

2

v+ 1
v + u2

⌉

,wherein : (8)

v =
so

sp
(9)

u =
O− P

√

(So∗Sp)
(10)

Equation (9) (v) is used to indicate scale shift while equation
10 (u) provides an indication of location shift. Wherein, the
ideal v-value = 1 (values larger than 1 signal a greater variance
in the predicted values compared to the observed ones) and

a positive or negative u value indicates either under or over
prediction, respectively.

RESULTS

The soluble fiber treatment MD estimates from studies before
outlier removal are illustrated in Figure 2 using a forest plot.
One study was removed from this analysis prior to plotting due
to extreme values, which were later detected as outliers, and
another other study was not included in the plot due to lack
of SEM reporting (therefore could not generate 95% confidence
interval). The overall MD indicates a possible effect of the
soluble fiber treatment on total excretion of BA, favoring greater
excretion of the BA in the soluble fiber treatment compared to
the control (0.067, lognormal scale, Figure 2). For further model
development, individual treatmentmeans were considered rather
thanMD;wherein, a total of nine observations (treatmentmeans)
were detected as influential outliers though the Cook’s distance
test, and, thus, were removed from the database.

The initial results on correlation between continuous driving
variables are presented in Table 3. Dietary carbohydrate was
significantly related to dietary protein (R = −0.38521; P < 0.05)
and tended to be related dietary fat (R = −0.32295; 0.1 > P
> 0.05), indicating collinearity between variables. Thus, these
driving variables were not combined in model development,
and three independent models using either dietary carbohydrate,
protein or fat were developed and presented in detail below.
Parameter estimates for the model equations can be found in
Table 4.

Carbohydrate Model
The interaction between dietary carbohydrate content
(continuous) and soluble fiber inclusion (categorical) (P <

0.05) and the single effect of species (categorical; P < 0.05)
significantly affected the dependent variable (excretion of BA);
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FIGURE 2 | Forest plot showing the main difference (MD) and its 95% CI for

each study before outlier removal. Each study is represented by a number and

letters represent different soluble fiber treatments within each study.

TABLE 3 | Correlation analysis between dietary carbohydrate, protein, and fat.

Variables Dietary carbohydrate Dietary protein Dietary fat

Dietary Carbohydrate 1.0 – –

Dietary Protein −0.385* 1.0

Dietary Fat −0.323 −0.257 1.0

*P < 0.05.

thus, they were included as fixed effects in the final carbohydrate
model (Table 4). Increasing dietary carbohydrate resulted in
lower fecal excretion of BA. The addition of an ingredient that is
a major source of soluble fiber resulted in greater fecal excretion
of BA. All the other independent/driving variables were not
significant (P > 0.05), and consequently, were excluded from
the model. Analysis of each non-significant independent X
variable vs. residuals revealed a constant distribution of residuals
and a non-significant slope estimate (P > 0.05), indicating no
perceivable impact of the excluded independent variable on
total excretion BA (data not shown). This was further confirmed
through the lack of significance of the slope (P > 0.05) of residual
vs. excluded variable. The LSmeans for the effect of species were
separated using Fischer’s LSD; wherein, total excretion of BA was
greater for rats compared to the other species (P < 0.05; Table 5).
The eight predicted equations produced for the fat model are
shown in Table 6.

Protein Model
The interaction between dietary protein content (continuous)
and soluble fiber inclusion (categorical) (P< 0.05) and the single
effect of species (categorical) (P < 0.05) significantly affected the
dependent variable (excretion of BA); thus, they were included
as fixed effects in the final protein model (Table 3). Increasing
dietary protein resulted in greater fecal excretion of BA that was
enhanced by the addition of a soluble fiber ingredient. Similar to

the carbohydrate model, all the other independent variables were
not significant, and were excluded from the final model. Analysis
of each non-significant independent X variable vs. residuals
reveled a constant distribution of residuals and a non-significant
slope estimate (P > 0.05), indicating no perceivable impact of
the excluded independent variable on total excretion BA (data
not shown). This was further confirmed through the lack of
significance of the slope (P > 0.05) of residual vs. excluded
variable. The LSmeans for the effect of species were separated
using Fischer’s LSD. Total excretion of BA was greater for rat
compared to hamster and guinea pig (P < 0.05), while dogs
presented similar excretion of BA compared to the other species
(P > 0.05). The eight predicted equations produced for the
protein model are shown in Table 7.

Fat Model
All independent variables were tested for their significance in
predicting total fecal excretion of BA. The interaction between
dietary protein content (continuous) and soluble fiber inclusion
(categorical) (P< 0.05) and the single effect of species (P
< 0.05) significantly affected the dependent variable; thus,
they were included as fixed effects. Increasing dietary fat
resulted in greater fecal excretion of BA that was enhanced
by the addition of a soluble fiber ingredient. Similar to the
carbohydrate and protein model, all the other independent
variables were not significant, and were removed from the
model. Analysis of each non-significant independent variable vs.
residuals revealed a constant distribution of residuals, indicating
no impact of the independent variable on total excretion of
BA (data not shown). This was further confirmed through
the lack of significance of the slope (P > 0.05) of residual
vs. excluded variable. The LSmeans for the effect of species
were separated using Fischer’s LSD. Similar to the protein
model, total excretion of BA was greater for rats compared
to hamsters and guinea pig (P < 0.05), while dogs presented
similar excretion of BA compared to the other species (P > 0.05).
The eight predicted equations produced for the fat model are
shown in Table 8.

Model Evaluation
A summary of the model evaluation statistics for the three
models, based on both raw (based on the fixed effect portion
of the model) and adjusted (based on the fixed and random
portions of the model) Y and residual values, are presented in
Table 9. For the three models, adjusted values consistently, and
as expected, resulted in a better model prediction compared to
the raw values due to the extra consideration of the random
effect of study in the calculation of adjusted Y values. The
adjusted predictions speak to overall model goodness-of-fit, and
the latter to the amount of variation described by the fixed effects
model. According to the AICc values, equations based on the
carbohydrate model had a better fit followed by the protein
and fat models. A similar pattern was observed for the other
model evaluation statistics evaluated (RMSPE, ER, ED, ECT,
CCC, R, Cb, v and u). When adjusted values were used for model
evaluation, a near-perfect average prediction of the observed
values was revealed (u= 0). The RSMPE ranged roughly between
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TABLE 4 | Parameters estimates for the model equations developed to estimate total bile acid excretion (lognormal data scale).

Variable Carbohydrate model Protein model Fat model

Estimate P-value Estimate P-value Estimate P-value

Intercept 0.934 ± 0.7463 0.2575 −0.954 ± 0.2888 0.0164 −0.897 ± 0.2692 0.0157

Soluble Fiber 0.0027 0.0063 0.0109

No −0.027 ± 0.0120 0.014 ± 0.0177 0.013 ± 0.0162

Yes −0.023 ± 0.0121 0.032 ± 0.0190 0.026 ± 0.0162

Species 0.0003 0.0006 0.0009

Dog −0.654 ± 0.2753 −0.454 ± 0.2997 −0.631 ± 0.3148

Guinea Pig −1.167 ± 0.3367 −0.821 ± 0.3030 −0.786 ± 0.3043

Hamster −1.222 ± 0.2180 −0.974 ± 0.1923 −0.955 ± 0.1964

Rat 0 0 0

TABLE 5 | Fecal bile acid (BA) concentrations (lognormal data scale) in dogs, guinea pigs, hamster and rats for the model equations developed.

Species Carbohydrate model Protein model Fat model

LSmeans* P-value LSmeans* P-value LSmeans* P-value

Dog −1.11b ± 0.244 0.0003 −1.08ab ± 0.300 0.0006 −1.217ab ± 0.284 0.0009

Guinea Pig −1.62b ± 0.275 −1.45b ± 0.303 −1.372b ± 0.304

Hamster −1.68b ± 0.146 −1.60b ± 0.192 −1.540b ± 0.196

Rat −0.46a ± 0.134 −0.63a ± 0.121 −0.586a ± 0.125

*Fecal excretion of BA must be backtransformed from a lognormal distribution to obtain results in µmol/g food intake.

TABLE 6 | Carbohydrate model equations for total fecal bile acids excretion.

Species Soluble fibera Outcomeb Equation

Dog No Fecal excretion of BA (lognormal distribution) = 0.934 (± 0.7463) – 0.654 (± 0.275) – 0.0273 (± 0.012) × Dietary carbohydrate (%)

Yes = 0.934 (± 0.7463) – 0.654 (± 0.275) – 0.0234 (± 0.012) × Dietary carbohydrate (%)

Guinea Pig No = 0.934 (± 0.7463) – 1.167 (± 0.337) – 0.0273 (± 0.012) × Dietary carbohydrate (%)

Yes = 0.934 (± 0.7463) – 1.167 (± 0.337) – 0.0234 (± 0.012) × Dietary carbohydrate (%)

Hamster No = 0.934 (± 0.7463) – 1.222 (± 0.218) – 0.0273 (± 0.012) × Dietary carbohydrate (%)

Yes = 0.934 (± 0.7463) – 1.222 (± 0.218) – 0.0234 (± 0.012) × Dietary carbohydrate (%)

Rat No = 0.934 (± 0.7463) – 0.0273 (± 0.012) × Dietary carbohydrate (%)

Yes = 0.934 (± 0.7463) – 0.0234 (± 0.012) × Dietary carbohydrate (%)

aAddition of an ingredient in the diet that is a major source of soluble fiber.
bFecal excretion of BA must be backtransformed from a lognormal distribution to obtain results in µmol/g food intake.

TABLE 7 | Protein model equations for total fecal bile acids excretion.

Species Soluble fibera Outcomeb Equation

Dog No Fecal excretion of BA (lognormal distribution) = -0.954 (± 0.2888) – 0.454 (± 0.2997) + 0.014 (± 0.0177) × Dietary protein (%)

Yes = -0.954 (± 0.2888) – 0.454 (± 0.2997) + 0.032 (± 0.0190) × Dietary protein (%)

Guinea Pig No = -0.954 (± 0.2888) – 0.821 (± 0.3030) + 0.014 (± 0.0177) × Dietary protein (%)

Yes = -0.954 (± 0.2888) – 0.821 (± 0.3030) + 0.032 (± 0.0190) × Dietary protein (%)

Hamster No = -0.954 (± 0.2888) – 0.974 (± 0.1923) + 0.014 (± 0.0177) × Dietary protein (%)

Yes = -0.954 (± 0.2888) – 0.974 (± 0.1923) + 0.032 (± 0.0190) × Dietary protein (%)

Rat No = -0.954 (± 0.2888) + 0.014 (± 0.0177) × Dietary protein (%)

Yes = -0.954 (± 0.2888) + 0.032 (± 0.0190) × Dietary protein (%)

aAddition of an ingredient in the diet that is a major source of soluble fiber.
bFecal excretion of BA must be backtransformed from a lognormal distribution to obtain results in µmol/g food intake.
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TABLE 8 | Fat model equations for total fecal bile acids excretion.

Species Soluble fibera Outcomeb Equation

Dog No Fecal excretion of BA (lognormal distribution) = -0.897 (±0.2692) – 0.631 (±0.3148) + 0.013 (±0.0162) × Dietary fat (%)

Yes = -0.897 (±0.2692) – 0.631 (±0.3148) + 0.026 (±0.0162) × Dietary fat (%)

Guinea Pig No = -0.897 (±0.2692) – 0.786 (±0.3043) + 0.013 (±0.0162) × Dietary fat (%)

Yes = -0.897 (±0.2692) – 0.786 (±0.3043) + 0.026 (±0.0162) × Dietary fat (%)

Hamster No = -0.897 (±0.2692) – 0.955 (±0.1964) + 0.013 (±0.0162) × Dietary fat (%)

Yes = -0.897 (±0.2692) – 0.955 (±0.1964) + 0.026 (±0.0162) × Dietary fat (%)

Rat No = -0.897 (±0.2692) + 0.013 (±0.0162) × Dietary fat (%)

Yes = -0.897 (±0.2692) + 0.026 (±0.0162) × Dietary fat (%)

aAddition of an ingredient in the diet that is a major source of soluble fiber.
bFecal excretion of BA must be backtransformed from a lognormal distribution to obtain results in µmol/g food intake.

TABLE 9 | Evaluation of model equations using adjusted and raw residuals for total fecal excretion of bile acids.

Evaluation parameter Fat model Protein model Carbohydrate model

Adjusted Raw Adjusted Raw Adjusted Raw

Na 30 30 30 30 30 30

AICcb 16.63 16.63 15.18 15.18 13.08 13.08

RMSPE (%)c −11.98 −26.26 −11.70 −25.44 −11.79 −24.95

ER (%)c,d 0 0.33 0 0.12 0 0.04

ED (%)e 1.05 0 1.00 0.42 0.92 0.07

ECT (%)f 98.95 99.67 99.00 99.46 99.08 99.89

CCCg 0.9715 0.8505 0.9729 0.8567 0.973 0.8653

Rh 0.967 0.824 0.9685 0.8302 0.9689 0.8565

Cbi 0.999 0.988 0.999 0.984 0.999 0.989

Vj 1.054 1.1608 1.051 1.1932 1.051 1.1596

Uk 0 −0.0314 0 0.0187 0 −0.0110

aSample size.
bCorrected Akaike information criterion as a measure of goodness-of-fit.
cSquare root of the mean square prediction error expressed as percentage of the observed mean.
dRegression slope deviation error expressed as percentage of mean square prediction error (MSPE).
eRando disturbance error expressed as percentage of MSPE.
fOverall bias error expressed as percentage of MSPE.
gConcordance correlation coefficient.
hPearson correlation.
iBias correction factor to measure accuracy.
j Indicative of scale shift.
k Indicative of location shift.

25 and 26% for raw predictions and the breakdown of the RSMPE
reveals that more than 99% of it is attributable to random error.
The CCC values were close to 1.0 in each model with R and Cb
values indicating high precision and accuracy, respectively. The
u-values indicate a minor over prediction of total excretion of
BA in the protein model, while a minor under prediction was
observed for the carbohydrate and fat model when raw values
were used. The v-values indicated a slightly greater variance
in the observed values compared to the predicted ones in all
models when raw values were used. Visual assessment of the
predicted vs. observed (Figure 3) and predicted vs. residuals
plots (Figure 4) demonstrate excellent model fit when adjusted
values were used compared to slightly more variable raw values,
which supports the aforementioned results. However, the slope

of the predicted vs. residuals when both raw and predicted values
were used was not different from zero in all models (P > 0.05).
This indicates that predicted and observed values were similar
to each other even when raw values were used; thus, the use of
raw values in the models still provides a good prediction of the
dependent variable.

DISCUSSION

This study aimed to investigate the effects of soluble fiber,
macronutrients and species on total fecal excretion of BA. Such
effects have been previously investigated separately in different
studies; however, this is the first attempt to use a meta-analysis
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FIGURE 3 | Raw predicted vs. observed and adjusted-predicted vs. observed plots for the carbohydrate, protein and fat models.

Frontiers in Veterinary Science | www.frontiersin.org 9 October 2021 | Volume 8 | Article 748803

https://www.frontiersin.org/journals/veterinary-science
https://www.frontiersin.org
https://www.frontiersin.org/journals/veterinary-science#articles


Pezzali et al. Bile Acid Excretion: A Meta-Analysis

FIGURE 4 | Raw residuals (predicted – observed) vs. raw predicted and conditional residuals vs. adjusted predicted plots for the carbohydrate, protein and fat models.

approach to systematically quantify the interaction of dietary
components and species on fecal excretion of BA .

Effects of Soluble Fiber on Excretion of BA
As hypothesized, inclusion of an ingredient that is a major
source of soluble fiber content in the diet resulted in greater
excretion of BA. Some fibers can bind BA (33, 34), which
prevents reabsorption in the distal ileum, and increases loss

via feces. Moreover, the end-product of microbial fermentation
of soluble fibers in the gut impact luminal pH (35), which
can affect the solubility and excretion of BA. Indeed, the gut
microbiome plays a major role in the metabolism of BA, and
deserves further consideration. Primary bile acids are produced
in the hepatocytes from cholesterol and are released in the small
intestine to aid with fat digestion. Some microbial species found
in the small intestine can produce bile salt hydrolase that cleave
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the amino bond between taurine or glycine and the primary
bile salt (36). These unconjugated BA cannot be reabsorbed
through the enterohepatic circulation. Consequently, they end up
in the large intestine where they can undergo further bacterial
transformation leading to the production of secondary BA. The
majority of secondary BA are excreted in the feces (9). Any
dietary factors, such as soluble fibers, that have a major impact
on the gut microbiome should be considered during evaluation
of BA metabolism. Unfortunately, there is a dearth of published
data investigating both BA metabolism and the gut microbiome.
Usually, the ratio of primary to secondary BA in the feces is used
as a tool to assess the relationship between the gut microbiome
and metabolism of BA. Only one study used in this meta-
analysis reported fecal output of primary and secondary BA,
which limited our ability to analyze this outcome.

Effects of Macronutrients on Fecal
Excretion of BA
Similar to the inclusion level of the fiber source, the inclusion of
cellulose and cholesterol in the diet were not significant, likely
due to the small range of inclusions in the studies used in this
meta-analysis. However, dietary carbohydrate, protein and fat
(%) did play a major role in the total excretion of BA. Increasing
levels of dietary protein and fat resulted in greater excretion of
fecal BA, which was enhanced by the addition of soluble fiber.
Dietary fat and protein are well-known for their effect on the
release of BA into the small intestine. Most animals secrete CCK
in response to dietary fat and protein; however, mechanisms
of nutrient-activated release of CCK are species-specific. For
example, while CCK release is stimulated by phenylalanine and
tryptophan in dogs, rats required intact proteins to trigger such
response (37). Increasing dietary fat intake results in greater
excretion of BA in rats (38), humans (39), and monkeys (40).
However, the type of fat may further modulate these effects. For
example, polyunsaturated fatty acids lead to greater excretion
of BA compared to saturated fatty acids. In rats, medium (41),
but not long- chain triglycerides (42, 43), stimulate CCK release.
Unlike dietary protein, the relationship between dietary fat and
fecal excretion of BA is not linear in all species (44). This may
help explain the better model fit observed for the protein model
compared to the fat model. The carbohydrate model resulted
in a better fit compared to the fat and protein models. Similar
to the protein and fat models, the addition of soluble fiber in
the diet resulted in greater excretion of BA in the carbohydrate
model. However, increasing dietary carbohydrate led to lower
excretion of fecal BA. This was expected due to the negative
correlation between inclusion of carbohydrates in the diet and
dietary protein and fat. Except in pigs (45), carbohydrates are
weak stimulants of CCK release (42). Furthermore, Bianchini
et al. (46) reported that dietary starch did not impact fecal BA
excretion in rats; however, it had a binding effect on BA in
vitro. There are still a lack of studies investigating the effects
of starch on fecal excretion of BA. It’s noteworthy that in this
meta-analysis, dietary carbohydrate was calculated based on the
ingredient composition of each study and represents a broad
category of compounds (e.g., starch, sugar, dietary fiber, etc.).

However, as most diets used in the studies were semi-synthetic,
the majority of the calculated carbohydrate content is likely pure
starch. Although the carbohydrate model resulted in a better fit,
the fat and proteinmodel might bemore biologically relevant due
to their direct effect on secretion of BA.

Effects of Species on Fecal Excretion of BA
This study found a significant effect of species on BA excretion in
all models. In the fat and protein model, greater fecal excretion of
BA was observed in rats compared to guinea pigs and hamsters,
but was similar to dogs; while in the carbohydrate model, rats
displayed a greater excretion of BA compared to all species.
Similar results were observed by Kasbo et al. (47) where they
observed not only a difference in BA composition, but also
greater BA concentrations in fecal pellets from rats compared
to hamsters and guinea pigs. This is likely because rats do not
possess a gallbladder, which results in a continuous secretion
of diluted bile fluid in large volumes (48). This major species
difference may limit the ability to translate the results from
rats to other species such as the dog. However, owing to the
limited sample size of studies using dogs (n = 1) and hamsters
(n = 1) as subjects in this meta-analysis, the effect of species
on total excretion of BA should be considered with caution.
Furthermore, differences regarding BA metabolism in a single
species of interest may occur. For example, the existence of
digestive idiosyncrasies between large and small-breed dogs [e.g.,
differences in intestinal permeability and transit time; (49)] may
result in differences in BA metabolism among breeds. More
research investigating BA metabolism in different dog breeds
and the effects of dietary components on BA homeostasis, and
consequently on taurine losses, is warranted. This paucity of
information highlights the need for more research in order to
draw sensible conclusions about the development of DCM and
BA homeostasis in dogs eating grain-free diets. The currentmeta-
analysis emphasizes that soluble fibers may act in synergy with
other dietary components leading to greater fecal excretion of
BA. Thus, not only should soluble fiber content be investigated,
but also other dietary factors, such as fat and protein, when
concerned about BA losses, as well as consideration that effects
observed within species may not translate to other species.

Calculation of BA Excretion
It’s noteworthy to discuss how fecal excretion of BA are reported
in the literature. Fecal BA can be reported as either total fecal
excretion (mass or molar unit/d) or total fecal concentrations
(mass or molar unit/g of wet or dry feces). Most types of
fibers cause an increase in fecal bulk, and may cause a dilution
effect on fecal concentrations of BA (16). For example, Nyman
et al. (50) observed a lower concentration of fecal BA in
rats fed five different vegetables compared to the basal fiber-
free diet; however, no differences were observed when fecal
BA were reported as mg/d. This effect was attributed to the
higher fecal output in rats fed diets with inclusion of vegetables.
Metabolically speaking, total excretion of BA can provide a
better understanding of BA homeostasis, as higher excretions are
indicative of higher production of BA and greater utilization of
glycine and/or taurine. Thus, we conducted this meta-analysis
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using studies that report, or allow the calculation, of total BA
output (µmol/d) as this is a better biomarker for losses of
taurine. However, total BA output was expressed relative to
feed intake to account for differences in food and nutrient
intake among species. Despite being unusual, fecal excretion of
BA has already been reported in the literature relative to dry-
matter intake (51). This approach was effective in standardizing
the dependent Y variable. This can be observed by the lower
range of total BA values in the studies used in this meta-
analysis when expressed as µmol/g feed intake compared to
µmol/d (Table 2). Many studies were not included in this
meta-analysis because fecal concentrations instead of total fecal
output of BA were reported. Future research should consider
reporting fecal BA in both units to allow better comparison
between studies.

Limitations
In this meta-analysis, soluble fibers were grouped as one major
category and analyzed as a categorial variable. However, the effect
of soluble fibers on BA excretion is a function of both physical
(e.g., particle size) and chemical characteristics [e.g., viscosity and
solubility; (16)] of the fiber source. Due to the lack of reporting
of this information in the studies found, these effects could not
be accounted for in the models developed. This may explain the
need to log-transform the data to achieve homoscedasticity of
residuals. Furthermore, the unbalanced number of control and
soluble fiber treatments (control= 7 and soluble fiber= 27) may
also have played a role in heterogeneity of the residuals prior to
the log-transformation, but was this way due to individual studies
having a single control for multiple treatment groups. Future
studies should consider reporting more information regarding
the fiber composition and characteristics. We first attempted to
investigate the effect of soluble fiber as a continuous variable
(proportion of soluble fiber in the diet) as this also plays a direct
role in excretion of BA. However, most studies do not report the
proportion of soluble fiber in the ingredient of interest, which
limited our ability to use soluble fiber as a continuous variable
in the models. The inclusion level of the fiber source was tested

in the model, but it was not significant, and thus, was excluded.
Furthermore, no patterns were observed when inclusion level was
plotted against the residuals. Even though inclusion level of the
fiber source may logically play a role in the fecal excretion of
BA, the lack of significance observed in our models is probably
due to the small range of inclusion level in the studies used in
this meta-analysis.

CONCLUSIONS

In summary, inclusion of an ingredient that is a major source of
soluble fiber in the diet increased total excretion of BA. Similarly,
increasing levels of dietary protein and fat resulted in greater
fecal excretion of BA, which was enhanced by the addition of a
soluble fiber ingredient. On the other hand, increasing dietary
carbohydrate led to a lower fecal excretion of BA. Although a
better model fit was observed for the carbohydrate compared to
the fat and protein models, the latter might be more biologically
relevant. Rats presented greater excretion of BA compared to
hamsters and guinea pigs in all models and compared to dogs
in the carbohydrate model. Future studies should consider
reporting more information regarding diet composition and
physical and chemical characteristics of fiber sources to allow the
development of more complex models to predict total excretion
of BA.
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