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Simple Summary: Obesity is not only a serious health problem for humans, but is also recognized
as an immense health threat in pets. The use of lignocellulose in extruded diet might be used in
pet food companies as a strategy to reduce energy density. These findings suggest that including
lignocellulose supplementation up to 4% in dogs’ diets was well accepted, with an allowable reduction
of the apparent digestibility of the control diet. Moreover, the stool remains solid and well-formed,
and it increases fecal dry matter, indicating that it should be considered as a potential source of
dietary fiber in dog food.

Abstract: Lignocellulose (LC) might be used as a substitute fiber source for dogs as a strategy to
decrease energy density and enhance gastrointestinal functionality. The objective of the present study
was to compare the effects of including different levels of LC on apparent nutrient digestibility and
fecal parameters (dry matter (DM), fecal score, and daily fecal output), as well as fecal fatty acid
concentrations. Four diets were tested: control diet (no supplementation of LC; LCO0), and three
control diets diluted with increasing levels of LC: 1, 2, and 4% (LC1, LC2, and LC4). Six Beagle
dogs (BW 17.1 kg + 1.22) participated in a crossover experimental design. Before each experimental
period, five days were used as a wash-out period. The fecal consistency was scored based on a 5-point
scale (1 = very hard; 2 = solid, well-formed “optimum”; 3 = soft, still formed; 4 = pasty, slushy;
and 5 = watery diarrhea). The results demonstrated that the organic matter apparent digestibility
(p = 0.01) and nitrogen-free extract (NFE) (p < 0.01) was significantly lower for dogs fed LC4 com-
pared to those fed LCO. Dogs fed LC2 and LC4 had a lower fecal consistency score (2.39 and 2.18,
respectively; p < 0.05). The fecal DM was significantly the highest (p < 0.01), and the daily fecal output
on fresh matter was lower (p < 0.05) when dogs were fed the LC4 diet compared with the LCO diet.
Including LC at 1% in the diet resulted in significantly higher fecal acidic pH levels. However, no
differences among treatments were noted regarding fecal fatty acid concentrations.

Keywords: dog; lignocellulose; apparent nutrient digestibility; fecal consistency

1. Introduction

Dietary fiber is an increasing interest in pet nutrition regarding nutrient availabil-
ity and gastrointestinal health and function [1-5]. Obesity is a common nutritional dis-
ease among pets and humans [6,7]. In 2017, the Association for Pet Obesity Prevention
(APOP) [8] found that 60% of cats (33.5% obese/26.5% overweight) and 56% of dogs were
obese or overweight (19.6%/36.4%, respectively). Generally, obesity in dogs and humans
is not caused by a disease of an individual, but rather socioeconomic and environmental
factors have influence on it and it derives from the close relationship between the dog
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and the owner [9]. It is well known that obesity could worsen the quality of life for both
humans and dogs, as well as shorten the lifespan [7,10]. Moreover, obesity can induce
or aggravate the body systems, such as respiratory, orthopedic, metabolic, endocrinal,
oncologic, and cardiovascular disorders in humans and dogs [11,12]. Therefore, weight
loss is a key factor for improving the quality of life and overall longevity. Moreover, dietary
fiber is fermented by gut microorganisms, having been associated with gut health and the
extension of fermentation, though it is affected by its structure [13].

Pet food companies produce diets with reduced calorie density and/or energy content
by reducing fat and supplementing with fibrous ingredients that are aimed to reduce body
weight and help with weight management [2,3,5,14]. The animal’s digestive enzymes can-
not digest fiber, unlike starch in the diet; for this reason, it contributes few, if any, calories. In
the past, cellulose has been a common source of fiber in low-calorie diets [3,15,16]. Previous
studies have demonstrated that poorly fermented cellulose has a moderate capacity to bind
water and can decrease the transit time of food and digestibility [17], as well as increase
fecal output in dogs [18-20]. However, cellulose is expensive when compared to other fiber
sources [5,14]. Thus, there is a need to find alternative fiber sources.

Lignocellulose (LC) is well recognized for the manufacturing of biofuels and as a
source of renewable energy [21,22], but it could be used as a substitute for common fiber
sources in dog food. Nevertheless, to our knowledge, it has not yet been extensively studied
in canines. The mechanical method of fibrillation is used to extract LC from fresh naturally
dried wood [23]. Due to the physical structural differences among LC and cellulose, it is
suggested that it has different effects on the intestinal tract. LC is comprised of cellulose
as the main structure, with embedded hemicellulose, pectin, and lignin moieties [24,25].
According to these characteristics, it can be assumed that the fermentability of LC is low to
moderate in the digestive tract of dogs [4].

The hypotheses were that LC would act differently compared to a control diet on
digestibility and fecal characteristics in dogs. The aim of this study was to compare the
effects of including different concentrations of LC on apparent nutrient digestibility, as well
as fecal parameters (dry matter, fecal score, and daily fecal output).

2. Materials and Methods

The experiments were performed in accordance with German regulations and ap-
proved by the Ethics Committee of Lower Saxony for Care and Use of Laboratory Animals
(LAVES, Niedersachsisches Landesamt fiir Verbraucherschutz und Lebensmittelsicherheit;
reference: 33.12-42502-04-13/1209).

2.1. Experimental Design and Diets

The digestibility trial was performed at the Institute for Animal Nutrition, University
of Veterinary Medicine Hannover, Foundation, and included six healthy intact female
Beagles (age ranged from 6 to 13 years). At the beginning of the trial and after the treatments,
dogs’ body weight (BW) was recorded and body condition score (BCS) was evaluated by the
same investigator in accordance with the 9-point BCS system, as validated by Laflamme [26].
A crossover design was chosen for the trials. The trial started with the animals acclimating
to the meal for five days, followed by five days of collecting feces to measure apparent
digestibility of nutrients and fecal characteristics individually. Before each experimental
period (adaptation and collection), five days were used as wash-out.

As a control diet, a commercial extruded dry diet (animonda petcare GmbH, Os-
nabriick, Germany) containing poultry meat, corn, rice, beet pulp, animal fats, chicken
liver, fish oil, yeast, spinach (dried), whole egg (dried), grape seed flour (0.25%), mussel
extracts (0.1%), and minerals was used. The chemical compositions of the control diet are
presented in Table 1. The calculation of the metabolizable energy (ME) content of foods was
based on their chemical composition, as recommended by the National Research Council
(NRC) [27]. The energy content of diets was analyzed to allow calculation of daily food
amount (300 g/day). The amount of food provided was calculated using a computation
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according to their daily energy requirements (0.5 M] ME BW%75 /d), based on the predictive
equations of maintenance energy requirements for adult dogs following the metabolic
weight according to NRC guidelines [27]. The control diet (LCO) was supplemented with
different levels of LC to obtain a further three diets with 1, 2, and 4% LC in the control
diet (LC1, LC2, and LC4, respectively). One hour before feeding, 100 mL of tap water
was added to the dry diet. The animals were fed once a day and had unrestricted access
to water. The amount of food offered and refused after each mealtime was recorded to
calculate food intake.

Table 1. Chemical composition of the control diet.

Parameter Unit Control Diet
DM g/kg as fed 923
Crude ash 70.4
Crude protein 302
Ether extract 140
Crude fiber g/kg DM 24.5
NFE 386
Calcium 16.2
Phosphorus 10.8
ME M]/100 g DM 12.1

DM = dry matter, NFE = nitrogen-free extract, ME = metabolizable energy.

2.2. Chemical Analysis

The Association of German Agricultural Analytic and Research Institutes e.V. (VD-
LUFA) established techniques to assess the nutrients in the diets and fecal samples [28].
The dry matter (DM) content was determined by weighing about 50 g of each sample
before and after they were dried in an oven at 103 °C for 12 h. The crude ash content
was determined by weighing approximately 3 g of each sample, which was placed in the
mulffle furnace and burned at 600 °C for 6 h. The total nitrogen values were measured in
an elemental analyzer using the Dumas incineration method (Vario Max CNS, Elemen-
tar Analysensysteme GmbH, Langenfeld, Germany). Afterwards, the crude protein was
calculated by multiplying the nitrogen content by 6.25.

The acid digestion and the Soxhlet extraction technique were used to determine the
crude fat content. Petroleum ether was used to extract the fat for 6 h in a standing flask,
followed by drying in a Soxhlet extractor (FOSS, Hilleroed, Denmark) until a constant
weight, and distilled off with a rotary evaporator (Rotavapor R114, Fa. Biischi, Switzerland).

To determine the crude fiber content, the diluted acidic and alkalic solutions and
subsequent drying at 103 °C were used (Fibertec 2010 Hot Extractor, Foss, Analytical AB,
Hogands, Sweden). Crude fiber was derived by subtracting the crude fiber content from
the sample weight before ashing.

In accordance with the Association of Official Analytical Chemists (AOAC) [29], the
calcium content was evaluated using an atomic absorption spectrometer (Solaar M-Serie
Atomic Absorption Spectometer, Thermo Elemental Ltd., Cambridge, England). According
to Gericke and Kurmies [30], the vanadate molybdate method was used to photometrically
measure the phosphorus concentration (UV-Visible Recording Spectrophotometer UV 162;
Wavelength 356 nm, Shimadzu Corporation, Kyoto, Japan). When orthophosphates are
added to a reaction mixture containing ammonium molybdate, ammonium vanadate, and
nitric acid, a yellow compound is formed that may be detected colorimetrically.

The nitrogen-free extract (NFE) content was determined using the following formula:
dry matter — (crude ash + crude protein + crude fat + crude fiber).
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2.3. Scores for Food Intake and Apparent Digestibility

The “food intake assessment” (palatability and speed of food intake) was divided
into three scores in accordance with Abd El-Wahab et al. [31,32]. Briefly, score 1 = lowest
acceptance; score 2 = moderate acceptance; score 3 = maximum acceptance.

The apparent digestibility of nutrients was assessed using the entire fecal collection
method [33]. During the collection period, fresh feces were collected from the concrete
floor every day. After weighing, the content of DM of a subsample of 10% fresh feces
per animal/d was determined. After that, the remaining fecal samples were kept at
-20 °C. At the end of the trial, the 5-day fecal samples from each dog were thawed, mixed,
and homogenized. By multiplying ((food-feces)/food) by 100, the apparent digestibility
(percent) was calculated [34].

2.4. Quality of Feces and pH Value

The fecal output was measured every day. For five consecutive days of the col-
lecting phase, the feces were collected in their entirety and individually every 30 min.
According to Moxham [35], the fecal consistency was measured on a five-point scale
(1 = very hard, 2 = solid, well-formed “optimum”, 3 = soft, still formed, 4 = pasty, slushy,
and 5 = watery diarrhea). To verify the pH of fresh pooled feces, the samples were com-
bined in a 1:5 ratio with distilled water, shaken, and left for 1 min at room temperature,
followed by measuring with a pH meter (InLab® Expert Pro, Mettler-Toledo International
Inc., Columbus, OH, USA).

2.5. Fecal Short-Chain Fatty Acids

According to Abd El-Wahab et al. [31], on the last day of the collecting phase, fresh
feces were taken from each animal to measure fatty acids. Briefly, 1 g of feces was combined
in a 1:5 ratio with purified water, vigorously agitated, then centrifuged at 2683 relative
centrifugal force (rcf) for 15 min (Megafuge 1.0, Heraeus Deutschland GmbH & Co. KG,
Hanau, Germany). After centrifuging the sample, it was subjected to gas chromatography
at 155 °C (610 Series, Unicam Chromatography GmbH & Co. KG, Kassel, Germany) using
an internal standard (10 mL formic acid 89 percent and 0.1 mL 4-methylvaleric acid). The
carrier gas was nitrogen (flow rate: 0.97 mL/min), and flame ionization detection was used
as gas chromatography detection method.

2.6. Statistical Analysis

All the analyses were performed using SAS® version 9.3 (SAS Institute, Inc., Cary,
NC, USA). Mean values and the standard deviation (SD) of the mean were performed
for all parameters, while BCS was represented as the median. Univariate procedure
was used for checking the normal distribution. The data with normal distribution were
determined for significant differences among treatments with the REGWQ test (Ryan—-Einot—
Gabriel-Welsch multi-range test). For the data with non-normal distribution, i.e., defecation
frequency or values in the form of a score, i.e., BCS-score, fecal consistency score, scores for
food intake, the Kruskal-Wallis test was performed. Statistical level of significance was set
atp <0.05.

3. Results
3.1. Chemical Composition of Experimental Diets

Table 2 shows the chemical composition of the experimental diets. The DM content
among the control diet and experimental diet was virtually the same (923 g/kg as fed).
The contents of crude ash and crude protein, as well as ether extract, were decreased with
an increasing inclusion level of LC, whereas the level of crude fiber increased with an
increasing inclusion level of LC.
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Table 2. Chemical composition of the ingredient and control diets supplemented due to different
lignocellulose (LC) levels.

Ingredient Experimental Diets
Item Unit
Lignocellulose LCo LC1 LC2 LC4
Control
diet % B 100 99 98 96
LC 0 1 2 4
DM g/kg as fed 913 923 922.9 922.8 922.6
Crude ash 43.8 70.4 70.1 69.9 69.3
Crude 16.5 302 299 296 291
protein
e]f(tt};aezt 6.24 140 139 137 135
Crud g/kg DM
rude 585 245 30.1 35.7 46.9
fiber
NFE 262 386 385 384 381
Calcium 4.32 16.2 16.1 16.0 15.7
Phosphorus 0.33 10.8 10.7 10.6 10.4
ME M]/100 g DM 4.69 12.1 12.0 119 11.8

Sum of crude ash, crude fat, crude protein, crude fiber, and N-free extracts (NFE) may not total 1000 g due to
rounding up. Metabolizable energy (ME) content of foods were estimated based on their chemical composition, as
recommended by the NRC [27].

3.2. Apparent Fecal Nutrient Digestibility and Body Condition

The general condition of the dogs was healthy throughout the trial. No significant
differences were noted in a mean BW between days and dietary groups (p > 0.05) at the
beginning of the study (range: 17.3-17.5 kg; p = 0.141, Table 3), and remained constant
throughout the experimental period (range: 17.4-17.6 kg; p = 0.709). When evaluating the
BCS during the experimental period, no significant differences were observed between
before and after the treatments among groups (p > 0.05, Table 3). The median BCS after the
treatments was evaluated to be 5.0 out of the 9-point BCS system. Regarding food intake
scoring, there were no significant differences among diet groups and the foods were well
accepted; no refusals were observed during all the trials.

Table 3. Apparent digestibility of nutrients (%), and body condition of dogs fed control diets
supplemented with different levels of LC (mean + SD).

Parameters LCo LC1 LC2 LC4 p-Value
Organic matter ~ 83424+ 1.13 8193 4+242 812P+097 80.0P +1.29 0.011
Crude protein 77.1 +1.28 76.5 + 2.82 76.3 + 1.72 77.1 + 1.73 0.626

Crude fiber 19.5 + 9.58 17.8 +11.5 11.1 £5.71 15.7 + 7.33 0.403

Crude fat 942 +1.87 93.6 + 1.18 93.8 + 1.09 94.4 + 046 0.709
NEE 8633 +156 8443 +333 8552+178 822b+139 0.009

BW at start, kg 174 +1.46 17.5 + 1.54 173 +1.21 17.3 + 1.50 0.141
BW at final, kg 17.4 +1.38 17.6 + 1.67 175+ 1.35 17.5 + 1.50 0.709
BCS * at start 5.0 (4.0-5.0) 5.0 (4.0-5.0) 4.5 (4.0-5.0) 4.5 (4.0-5.0) 0.192
BCS * at final 5.0 (4.0-5.0) 5.0 (4.0-5.0) 5.0 (4.0-5.0) 5.0 (4.0-5.0) 0.216

LC = lignocellulose. NFE = nitrogen-free extract. #® Means in a row with different superscripts differ significantly
(p < 0.05). * Body condition score (BCS) are represented as the median (range).

Table 3 shows the apparent digestibility of nutrients results. Dogs fed LC diets showed
significant differences in organic matter (OM) and NFE digestibility. Apparent OM and
NEFE digestibility decreased with the addition of LC. OM digestibility was significantly
higher for dogs fed LCO compared to dogs fed the 2% and 4% LC supplemented diet (83.4%
vs. 81.2% and 80.0%, respectively; p = 0.011). The control diet and LC2 showed a high NFE
digestibility of 86.3% and 85.5%, respectively, while the 4% LC supplemented diet led to a
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lower digestibility (82.2%; p = 0.009). There were no effects of LC levels on crude protein
digestibility (range: 76.3-77.1%; p = 0.626), crude fat (range: 93.6-94.4%; p = 0.709), and
crude fiber (range: 11.1-19.5%; p = 0.403).

3.3. Fecal Output, Fecal Consistency, Fecal DM, and Fecal pH

The data on fecal quality are presented in Table 4. No significant differences were
observed in daily defecation frequency (range: 1.90-2.23 time/day; p = 0.335). In contrast,
dogs fed LC4 had markedly increased fresh fecal output compared to when they were fed
the control diet (68.0 = 3.98 vs. 57.0 £ 3.78 g DM/d; p = 0.037). When compared to dogs fed
LCO, those fed LC4 had a lower mean fecal score (2.69 vs. 2.18; p = 0.047) with the highest
fecal DM content (28.0% vs. 29.1%; p = 0.024). Additionally, the fecal pH level was different
among treatment groups. The lower pH was measured for LCO and LC2 (p < 0.001).

Table 4. Fecal characteristics of dogs fed the control diets supplemented with different levels of LC

(mean £ SD).
Parameters LCo LC1 LC2 LC4 p-Value
Fecal consistency score (1-5) ! 2.692 +0.60 2.542b + 0,53 2390 4055 2.18° 4+0.39 0.047
Fecal DM (%) 28.0° +2.00 28.4° 4+ 261 28.6° 4+ 2.00 29.12 +1.96 0.024
Fecal output (g DM/d) 57.0° +3.78 62.02 + 7.76 65.03 +3.12 68.02 4+ 3.98 0.037
Fecal pH 6.39 € + 0.42 6.872 + 0.34 6.42°¢ +0.39 6.66° +0.37 <0.001

LC = lignocellulose. *¢ Means in a row with different superscripts differ significantly (p < 0.05). ! Fecal
scores were recorded using a five-point scale (1 = very hard, to 5 = watery diarrhea) and a score of 2 was
considered optimal.

3.4. Fecal Short-Chain Fatty Acid (SCFA)

The results of the fecal fatty acid pattern are presented in Table 5. It was observed that
there was no significant effect on the fecal fatty acid concentrations of dogs fed different
levels of LC diets.

Table 5. Fatty acid concentration in the feces (mmol/kg fresh feces) of dogs fed the control diets
supplemented with different levels of LC (mean =+ SD).

Parameters LCO LC1 LC2 LC4 p-Value
acetic acid 61.1+217 628+349 633£339 63.1+£3.20 0.812
propionic acid 193 +431 183+£535 21.7+262 2031401 0.899
iso-butyric acid 140£032 110+042 150+0.29 1.40+0.37 0.555
n-butyric acid 16.1+5.09 16.0+541 115+177 13.3+4.25 0.121
iso-valeric acid 210+042 1.604+024 2.00+0.32 1.80=+0.47 0.197
n-valeric acid 0.00+0.00 0104020 0.00£0.00 0.10+£0.10 0.218

LC = lignocellulose.

4. Discussion

In our study, LC2 and LC4 had significantly lower OM digestibility compared to
LCO; however, only LC4 had significantly lower NFE digestibility compared to LCO and
LC2. Many factors can affect the diet digestibility, as well as nutrient quality and chemical
composition [31,36,37]. Regarding the fiber content, Bednar et al. [38] and Kienzle et al. [39]
found that digestibility of OM was lower for the diet containing a higher level of dietary
fiber, which could possibly reduce nutrient digestibility. This is in accordance with our
findings that lower OM digestibility was observed when feeding the diets with 2% and
4% LC compared to control diet (—2.2% and —3.4%, respectively). The crude fiber content
of LC2 and LC4 was higher than the control diet (35.7 and 46.9 g/kg DM vs. 24.5 g/kg
DM, respectively). The low values for apparent OM digestibility in the high-fiber diet are
supposed to be due to the indigestibility of the fiber; thus, less material was available for
the microorganisms to ferment, which led to a decreasing transit time and reduction in its
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absorption through the gastrointestinal tract [16,40]. However, in this study, there was no
negative effect on protein digestibility when increasing levels of LC in the diet up to 4%.

Given the lower apparent digestibility of NFE when feeding the diets with 4% LC
compared to the diet containing 0% of LC, it can also be assumed that the different crude
fiber composition of the diet might be a reason for our results. Similarly, Kienzle et al. [41]
found that the apparent NFE digestibility was decreased (from 93.4% to 85.9%) when
dogs were offered diets with a higher fiber content (208 g/kg DM). The impact of fiber
on the NFE digestibility was also in agreement with the results of Kienzle et al. [41], who
stated that microbial degradation in the gut can transform some of the fiber into NFE.
The high fiber content is difficult to ferment, leading to a shorter intestinal passage time,
resulting in a reduction in bacterial carbohydrate fermentation in the colon [5]. This, in
turn, results in a decrease in the apparent NFE digestibility and an increase in the apparent
digestibility of fiber [41]. However, as found in the present study, no negative effect on
apparent digestibility of crude fiber was observed when compared to those dogs fed the
control diet. The current findings suggested that dietary supplementation with 4% LC had
no negative effect on body condition despite low OM and NFE digestibility. However, the
effect of replacing the dietary fiber sources with LC for weight loss and management on
BW and BCS changes should be shown with long-term studies [42,43]. In the high fiber
canine weight loss foods study of Yamka et al. [42], a significant change was found after
1 month of trial.

Differences in digestibility in the diets are also correlated with differences in fecal
characteristics [40,44]. Other studies have shown that the frequency of defecation increases
when dietary fiber was supplemented in the diet [45,46]. However, in our study, no
significant differences were observed in daily defecation frequency between the groups
fed a diet with or without a LC supplementation (range: 1.90-2.23 time/day). This is in
contrast to dogs fed a diet supplanted with 4% LC, which had markedly increased fecal
output compared with when they were fed the control diet. Low digestible diets result
in a high fecal output and firm fecal consistency, characteristics that are of interest to pet
owners [47]. Fahey et al. [48] noted that dogs consuming high dietary fiber had a higher
fecal output as the percentage of dietary fiber increased.

Overall, fecal quality can be determined using either fecal consistency scores or DM
content in the feces [43,47]. The fecal consistency scores can be influenced by a variety
of factors, such as undigested total dietary fiber content and proteins [38,49]. In this
study, increasing concentrations of LC in the diet resulted in fecal consistency scores
closer to the optimal value (score 2), with greater fecal DM. Scores of fecal consistency
remained at acceptable levels, with a range of 2.18-2.69. Thus, under the influence of LC
supplementation (up to 4%) under these experimental conditions, the fecal quality could be
demonstrated. This agrees with previous studies by Fahey et al. [48] and Kroger et al. [4],
who found an influence of the type and amount of fiber source on the fecal quality. The
dietary factors affecting fecal DM content, such as fiber digestion and absorption, as well
as fiber fermentation activity, should be considered [49-51].The concentrations of fecal
short-chain fatty acid (SCFA) have been used in practice to assess the activity of the large
gut microbiota fermentation of dogs [52,53]. SCFA are particularly produced by microbial
fermentation of undigestible carbohydrates [54], and the proportions of the SCFA may
change depending on the fiber sources [47,55-57]. Our results showed that including LC in
the diet had no negative effects for the dogs regarding the production of SCFA, although
LC consists of high fibrous ingredients. However, McNeil et al. [58] and Harris et al. [59]
reported that up to 95% of the SCFA produced are rapidly absorbed by the colon, and
that fecal analysis may not be the best response criterion reflecting the host animal’s SCFA
status. In addition, the results of the fecal fatty acid pattern in this study are determined
from dogs fed diets supplemented with LC over a short period of time. Future studies with
a longer study period might give further information on gut microbiota.
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5. Conclusions

Lignocellulose offers some advantages compared with other fiber sources. Our study
shows that including LC up to 4% in the dogs’ diets was well accepted, with dogs consum-
ing the total amount of the food offered. Furthermore, it promotes well-formed feces, solid
in consistency, and increases fecal dry matter compared with feces from dogs fed the LCO,
with acceptable reduction of the apparent digestibility of the control diet. This suggests
that it should be considered as a potential dietary fiber source in dog food.

However, this study had a limitation: the LC supplemented diet was fed over a
relatively short period of time. Therefore, further studies conducted over a long-term
period are still needed to investigate the effect of replacing dietary fiber sources with LC
for weight loss and management, as well as on the plasma metabolites, fecal microbiota,
and the changes in SFCA of dogs. Future investigation such as the effect of particle size
on LC digestibility is still needed. A variety of causes can be considered; not only feeding
management, but also genetics, age, and sex. Thus, in the future, it would therefore be
interesting to test other breeds, such as Pugs and Golden Retrievers that are known to be at
risk of developing obesity problems.

Author Contributions: Conceptualization, ].K.; methodology, D.-C.S., A A.E-W., B.C,,C.V.and ] K,;
validation, D.-C.S., C.V. and ] K.; formal analysis, D.-C.S., A.A.E.-W. and C.V,; investigation, D.-C.S.
and ].K,; resources, C.V. and ] K,; data curation, D.-C.S., A.A.E.-W,, B.C. and C.V.; writing—original
draft preparation, A.A.E.-W., B.C. and C.V,; writing—review and editing, A.A.E.-W,, B.C. and C.V,;
visualization, C.V. and J.K,; supervision, ].K.; project administration, ] K.; funding acquisition, J.K. All
authors have read and agreed to the published version of the manuscript.

Funding: This Open Access publication was funded by the Deutsche Forschungsgemeinschaft (DFG,
German Research Foundation)—491094227 “Open Access Publication Costs” and the University of
Veterinary Medicine Hannover, Foundation.

Institutional Review Board Statement: The experiments were performed in accordance with Ger-
man regulations and approved by the Ethics Committee of Lower Saxony for Care and Use of
Laboratory Animals (LAVES, Niedersachsisches Landesamt fiir Verbraucherschutz und Lebensmittel-
sicherheit; reference: 33.12-42502-04-13/1209).

Informed Consent Statement: Not applicable.
Data Availability Statement: The data presented in this study are available in this manuscript.

Acknowledgments: We would like to thank Frances Sherwood-Brock for proof-reading the manuscript
to ensure correct English.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Silvio, J.; Harmon, D.L.; Gross, K.L.; McLeod, K.R. Influence of fiber fermentability on nutrient digestion in the dog. Nutrition
2000, 16, 289-295. [CrossRef]

2. German, A.].; Holden, S.L.; Bissot, T.; Morris, PJ.; Biourge, V. A high protein high fibre diet improves weight loss in obese dogs.
Vet. J. 2010, 183, 294-297. [CrossRef] [PubMed]

3.  De Godoy, M.R; Kerr, KR,; Fahey, G.C., Jr. Alternative dietary fiber sources in companion animal nutrition. Nutrients 2013, 5,
3099-3117. [CrossRef]

4. Kroger, S.; Vahjen, W.; Zentek, J. Influence of lignocellulose and low or high levels of sugar beet pulp on nutrient digestibility and
the fecal microbiota in dogs. J. Anim. Sci. 2017, 95, 1598-1605. [CrossRef]

5. Donadelli, R.A.; Aldrich, C.G. The effects on nutrient utilization and stool quality of Beagle dogs fed diets with beet pulp,
cellulose, and Miscanthus grass12. J. Anim. Sci. 2019, 97, 4134—4139. [CrossRef] [PubMed]

6.  Verbrugghe, A. Epidemiology of small animal obesity. In Obesity in the Dog and Cat; Cline, M., Murphy, M., Eds.; CRC Press
Taylor and France Group: Boca Raton, FL, USA, 2019; pp. 1-15.

7. Tvarijonaviciute, A.; Mufioz-Prieto, A.; Martinez-Subiela, S. Obesity in humans and dogs: Similarities, links, and differences. In
Pets as Sentinels, Forecasters and Promoters of Human health; Pastorinho, R., Sousa, A.C.A., Eds.; Springer: Cham, Switzerland, 2020;
pp. 143-172.

8. APOP (Association for Pet Obesity Preventation). 2018 Pet Obesity Survey Results: U.S. Pet Obesity Rates Plateau and Nutritional

Confusion Grows. Available online: https:/ /petobesityprevention.org /2018 (accessed on 15 March 2022).


http://doi.org/10.1016/S0899-9007(99)00298-1
http://doi.org/10.1016/j.tvjl.2008.12.004
http://www.ncbi.nlm.nih.gov/pubmed/19138868
http://doi.org/10.3390/nu5083099
http://doi.org/10.2527/jas.2016.0873
http://doi.org/10.1093/jas/skz265
http://www.ncbi.nlm.nih.gov/pubmed/31414126
https://petobesityprevention.org/2018

Animals 2022, 12, 1965 90of 10

10.

11.
12.

13.

14.

15.

16.

17.

18.

19.

20.

21.
22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.
37.

Piantedosi, D.; Palatucci, A.T.; Giovazzino, A.; Ruggiero, G.; Rubino, V.; Musco, N.; Carriero, F; Farina, F; Attia, YA.EEW,;
Terrazzano, G.; et al. Effect of a Weight Loss Program on Biochemical and Immunological Profile, Serum Leptin Levels, and
Cardiovascular Parameters in Obese Dogs. Front. Vet. Sci. 2020, 7, 398. [CrossRef]

German, A.; Holden, S.; Wiseman-Orr, M.; Reid, J.; Nolan, A.; Biourge, V.; Morris, P; Scott, E. Quality of life is reduced in obese
dogs but improves after successful weight loss. Vet. J. 2012, 192, 428-434. [CrossRef]

Weeth, L.P. Other risks/possible benefits of obesity. Vet. Clin. Small Anim. Pract. 2016, 46, 843-853. [CrossRef]

Cortese, L.; Terrazzano, G.; Pelagalli, A. Leptin and immunological profile in obesity and its associated diseases in dogs. Int. ].
Mol. Sci. 2019, 20, 2392. [CrossRef]

Nogueira, J.PD.S.; He, F; Mangian, H.F; Oba, PM.; De Godoy, M.R.C. Dietary supplementation of a fiber-prebiotic and
saccharin-eugenol blend in extruded diets fed to dogs. J. Anim. Sci. 2019, 97, 4519-4531. [CrossRef]

Souza, C.M.M.; Bastos, T.S.; Kaelle, G.C.B.; de Carvalho, P.G.B.; Bortolo, M.; Oliveira, S.G.d.; Félix, A.P. Effects of different levels
of cassava fibre and traditional fibre sources on extrusion, kibble characteristics, and palatability of dog diets. Ital. J. Anim. Sci.
2022, 21, 764-770. [CrossRef]

Koppel, K.; Monti, M.; Gibson, M.; Alavi, S.; Donfrancesco, B.D.; Carciofi, A.C. The effects of fiber inclusion on pet food sensory
characteristics and palatability. Animals 2015, 5, 110-125. [CrossRef] [PubMed]

Donadelli, R.A.; Titgemeyer, E.C.; Aldrich, C.G. Organic matter disappearance and production of short- and branched-chain fatty
acids from selected fiber sources used in pet foods by a canine in vitro fermentation modell. J. Anim. Sci. 2019, 97, 4532-4539.
[CrossRef] [PubMed]

Kim, Y.; Hwang, S.W,; Kim, S.; Lee, Y.-S.; Kim, T.-Y,; Lee, S.-H.; Kim, S.J.; Yoo, H.J.; Kim, E.N.; Kweon, M.-N. Dietary cellulose
prevents gut inflammation by modulating lipid metabolism and gut microbiota. Gut Microbes 2020, 11, 944-961. [CrossRef]
Muir, H.E.; Murray, S.; Fahey, G., Jr.; Merchen, N.; Reinhart, G. Nutrient digestion by ileal cannulated dogs as affected by dietary
fibers with various fermentation characteristics. J. Anim. Sci. 1996, 74, 1641-1648. [CrossRef]

Wichert, B.; Schuster, S.; Hofmann, M.; Dobenecker, B.; Kienzle, E. Influence of different cellulose types on feces quality of dogs. J.
Nutr. 2002, 132, 17285-1729S. [CrossRef]

Duque-Saldarriaga, J.; Posada-Ochoa, S.L.; Agudelo-Trujillo, J. H. Assessment of energy content in dog foods. Arch. Zootec. 2017,
66, 279-286.

Sanderson, K. Lignocellulose: A chewy problem. Nature 2011, 474, S12-S14. [CrossRef]

Rai, A.K.; Al Makishah, N.H.; Wen, Z.; Gupta, G.; Pandit, S.; Prasad, R. Recent developments in lignocellulosic biofuels, a
renewable source of bioenergy. Fermentation 2022, 8, 161. [CrossRef]

Standard Commission for Straight Feeding Stuffs at the Central Committee of the German Agriculture. Positive list for straight
feeding stuffs. In Positive List for Straight Feeding Stuffs, 11th ed.; Central Committee of the German Agriculture: Berlin, Germany,
2014.

Van Dyk, ].S.; Pletschke, B.I. A review of lignocellulose bioconversion using enzymatic hydrolysis and synergistic cooperation
between enzymes—Factors affecting enzymes, conversion and synergy. Biotechnol. Adv. 2012, 30, 1458-1480. [CrossRef]
Wagner, A.O.; Lackner, N.; Mutschlechner, M.; Prem, E.M.; Markt, R.; Illmer, P. Biological pretreatment strategies for second-
generation lignocellulosic resources to enhance biogas production. Energies 2018, 11, 1797. [CrossRef] [PubMed]

Laflamme, D.P. Development and validation of a body condition score system for dogs. Canine Pract. 1997, 22, 10-15.

National Research Council (NRC). Nutrient Requirements of Dogs and Cats; National Academies Press: Washington, DC, USA, 2006.
Naumann, C.; Bassler, R. Methoden der Landwirtschaftlichen Forschungs-und Untersuchungsanstalt, Biochemische Untersuchung von
Futtermitteln, VDLUFA: Darmstadt, Germany, 2012.

Association of Official Analytical Chemists (AOAC). Official methods of Analysis; Association of Official Analytical Chemists:
Gaithersburg, MD, USA, 2000.

Gerickend, S.; Kurmies, B. Die kolorimetrische Phosphorsauerebestimmung mit Ammonium-Vanadat-Molybdat und ihre
Nawendung in der Pflanzenanalyse. Pflanzenernihr. Diinger Bodenk. 1952, 59, 235-247.

Abd El-Wahab, A.; Chuppava, B.; Zeiger, A.L.; Visscher, C.; Kamphues, J. Nutrient Digestibility and Fecal Quality in Beagle Dogs
Fed Meat and Bone Meal Added to Dry Food. Vet. Sci. 2022, 9, 164. [CrossRef] [PubMed]

Abd El-Wahab, A.; Meyer, L.; Kolln, M.; Chuppava, B.; Wilke, V.; Visscher, C.; Kamphues, ]. Insect Larvae Meal (Hermetia illucens)
as a Sustainable Protein Source of Canine Food and Its Impacts on Nutrient Digestibility and Fecal Quality. Animals 2021, 11,
2525. [CrossRef]

Association of American Feed Control Officials (AAFCO). Model Regulations for Pet Food and Specialty Pet Food Under the Model Bill;
AAFCO Incorporated: Atlanta, GA, USA, 2014.

Kamphues, J.; Wolf, P.; Coenen, M.; Eder, K,; Iben, C.; Kienzle, E.; Liesegang, A.; Ménner, K.; Zebeli, Q.; Zentek, J. Supplement zur
Tierernihrung fiir Studium und Praxis; Verlag M. & H. Schaper: Hanover, Germany, 2014.

Moxham, G. Waltham feces scoring system-A tool for veterinarians and pet owners: How does your pet rate. Waltham Focus 2001,
11,24-25.

McNab, J. Factors affecting the digestibility of nutrients. Proc. Nutr. Soc. 1975, 34, 5-11. [CrossRef]

Gilani, G.S.; Xiao, C.W.; Cockell, K.A. Impact of antinutritional factors in food proteins on the digestibility of protein and the
bioavailability of amino acids and on protein quality. Br. J. Nut. 2012, 108, S315-5332. [CrossRef]


http://doi.org/10.3389/fvets.2020.00398
http://doi.org/10.1016/j.tvjl.2011.09.015
http://doi.org/10.1016/j.cvsm.2016.04.007
http://doi.org/10.3390/ijms20102392
http://doi.org/10.1093/jas/skz293
http://doi.org/10.1080/1828051X.2022.2063078
http://doi.org/10.3390/ani5010110
http://www.ncbi.nlm.nih.gov/pubmed/26479141
http://doi.org/10.1093/jas/skz302
http://www.ncbi.nlm.nih.gov/pubmed/31560750
http://doi.org/10.1080/19490976.2020.1730149
http://doi.org/10.2527/1996.7471641x
http://doi.org/10.1093/jn/132.6.1728S
http://doi.org/10.1038/474S012a
http://doi.org/10.3390/fermentation8040161
http://doi.org/10.1016/j.biotechadv.2012.03.002
http://doi.org/10.3390/en11071797
http://www.ncbi.nlm.nih.gov/pubmed/30881604
http://doi.org/10.3390/vetsci9040164
http://www.ncbi.nlm.nih.gov/pubmed/35448662
http://doi.org/10.3390/ani11092525
http://doi.org/10.1079/PNS19750003
http://doi.org/10.1017/S0007114512002371

Animals 2022, 12, 1965 10 of 10

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

Bednar, G.; Murray, S.; Patil, A.; Flickinger, E.; Merchen, N.R.; Fahey, G., Jr. Selected animal and plant protein sources affect
nutrient digestibility and fecal characteristics of ileally cannulated dogs. Arch. Anim. Nutr. 2000, 53, 127-140. [CrossRef] [PubMed]
Kienzle, E.; Opitz, B.; Earle, K.; Smith, P.; Maskell, I. The influence of dietary fibre components on the apparent digestibility of
organic matter and energy in prepared dog and cat foods. J. Anim. Physiol. Anim. Nutr. 1998, 79, 46-56. [CrossRef]
Brambillasca, S.; Purtscher, F; Britos, A.; Repetto, J.L.; Cajarville, C. Digestibility, fecal characteristics, and plasma glucose and
urea in dogs fed a commercial dog food once or three times daily. Can. Vet. J. 2010, 51, 190-194.

Kienzle, E.; Dobenecker, B.; Eber, S. Effect of cellulose on the digestibility of high starch versus high fat diets in dogs. J. Anim.
Physiol. Anim. Nutr. 2001, 85, 174-185. [CrossRef] [PubMed]

Yamka, R.M.; Frantz, N.Z.; Friesen, K.G. Effects of 3 canine weight loss foods on body composition and obesity markers. Int. ].
Appl. Res. Vet. Med. 2007, 5, 125.

Kahraman, O.; Inal, F,; Inang, Z.S. Effects of Feeding Different Levels on Digestibility Body Weight Body Condition Score and
Stool Quality in Dogs. Kocatepe Vet. ]. 2022, 15, 106-114. [CrossRef]

Do, S.; Phungviwatnikul, T.; de Godoy, M.R.C.; Swanson, K.S. Nutrient digestibility and fecal characteristics, microbiota, and
metabolites in dogs fed human-grade foods. J. Anim. Sci. 2021, 99, skab028. [CrossRef] [PubMed]

Fahey, G.C,, Jr.; Merchen, N.R.; Corbin, J.E.; Hamilton, A.K,; Serbe, K.A.; Lewis, S.M.; Hirakawa, D.A. Dietary fiber for dogs: I.
Effects of graded levels of dietary beet pulp on nutrient intake, digestibility, metabolizable energy and digesta mean retention
time. J. Anim. Sci. 1990, 68, 4221-4228. [CrossRef]

Burrows, C.E; Kronfeld, D.S.; Banta, C.A.; Merritt, A.M. Effects of Fiber on Digestibility and Transit Time in Dogs. J. Nutr. 1982,
112,1726-1732. [CrossRef]

Sunvold, G.; Fahey, G., Jr.; Merchen, N.; Titgemeyer, E.; Bourquin, L.; Bauer, L.; Reinhart, G. Dietary fiber for dogs: IV. In vitro
fermentation of selected fiber sources by dog fecal inoculum and in vivo digestion and metabolism of fiber-supplemented diets. J.
Anim. Sci. 1995, 73, 1099-1109. [CrossRef] [PubMed]

Fahey, G.C,, Jr.; Merchen, N.R.; Corbin, J.E.; Hamilton, A.K.; Serbe, K.A.; Hirakawa, D.A. Dietary fiber for dogs: II. Iso-total
dietary fiber (TDF) additions of divergent fiber sources to dog diets and their effects on nutrient intake, digestibility, metabolizable
energy and digesta mean retention time. J. Anim. Sci. 1990, 68, 4229-4235. [CrossRef] [PubMed]

Lappin, M.R.; Zug, A.; Hovenga, C.; Gagne, ].; Cross, E. Efficacy of feeding a diet containing a high concentration of mixed fiber
sources for management of acute large bowel diarrhea in dogs in shelters. J. Vet. Intern. Med. 2022, 36, 488-492. [CrossRef]
Weber, L.W.; Boll, M.; Stampfl, A. Maintaining cholesterol homeostasis: Sterol regulatory element-binding proteins. World .
Gastroenterol. 2004, 10, 3081. [CrossRef]

Bosch, G.; Verbrugghe, A.; Hesta, M.; Holst, J.].; van der Poel, A.EB.; Janssens, G.P.J.; Hendriks, W.H. The effects of dietary fibre
type on satiety-related hormones and voluntary food intake in dogs. Br. J. Nutr. 2009, 102, 318-325. [CrossRef]

Swanson, K.S.; Grieshop, C.M.; Flickinger, E.A.; Bauer, L.L.; Chow, J.; Wolf, BW.; Garleb, K.A.; Fahey, G.C., Jr. Fructooligosac-
charides and Lactobacillus acidophilus modify gut microbial populations, total tract nutrient digestibilities and fecal protein
catabolite concentrations in healthy adult dogs. J. Nutr. 2002, 132, 3721-3731. [CrossRef]

Kieler, I.N.; Shamzir Kamal, S.; Vitger, A.D.; Nielsen, D.S.; Lauridsen, C.; Bjornvad, C.R. Gut microbiota composition may relate
to weight loss rate in obese pet dogs. Vet. Med. Sci. 2017, 3, 252-262. [CrossRef] [PubMed]

Verbeke, K.A.; Boobis, A.R.; Chiodini, A.; Edwards, C.A.; Franck, A.; Kleerebezem, M.; Nauta, A.; Raes, J.; Van Tol, E.A.; Tuohy,
K.M. Towards microbial fermentation metabolites as markers for health benefits of prebiotics. Nutr. Res. Rev. 2015, 28, 42—66.
[CrossRef] [PubMed]

Barry, J.; Hoebler, C.; Macfarlane, G.; Macfarlane, S.; Mathers, J.; Reed, K.; Mortensen, P.; Nordgaard, I.; Rowland, I.; Rumney,
C. Estimation of the fermentability of dietary fibre in vitro: A European interlaboratory study. Br. |. Nutr. 1995, 74, 303-322.
[CrossRef]

De Godoy, M.R.C.; Mitsuhashi, Y.; Bauer, L.L.; Fahey, G.C., Jr.; Buff, PR.; Swanson, K.S. In vitro fermentation characteristics of
novel fibers, coconut endosperm fiber and chicory pulp, using canine fecal inoculum1l. J. Anim. Sci. 2015, 93, 370-376. [CrossRef]
Bosch, G.; Pellikaan, W.F,; Rutten, P.G.P,; Poel, A.F.B.v.d.; Verstegen, M.W.A.; Hendriks, W.H. Comparative in vitro fermentation
activity in the canine distal gastrointestinal tract and fermentation kinetics of fiber sources. . Anim. Sci. 2008, 86, 2979-2989.
[CrossRef]

McNeil, N.I; Cummings, J.; James, W. Short chain fatty acid absorption by the human large intestine. Gut 1978, 19, 819-822.
[CrossRef]

Harris, H.C.; Morrison, D.J.; Edwards, C.A. Impact of the source of fermentable carbohydrate on SCFA production by human
gut microbiota in vitro—A systematic scoping review and secondary analysis. Crit. Rev. Food Sci. Nutr. 2021, 61, 3892-3903.
[CrossRef] [PubMed]


http://doi.org/10.1080/17450390009381942
http://www.ncbi.nlm.nih.gov/pubmed/10849867
http://doi.org/10.1111/j.1439-0396.1998.tb00628.x
http://doi.org/10.1046/j.1439-0396.2001.00315.x
http://www.ncbi.nlm.nih.gov/pubmed/11686786
http://doi.org/10.30607/kvj.1019696
http://doi.org/10.1093/jas/skab028
http://www.ncbi.nlm.nih.gov/pubmed/33511410
http://doi.org/10.2527/1990.68124221x
http://doi.org/10.1093/jn/112.9.1726
http://doi.org/10.2527/1995.7341099x
http://www.ncbi.nlm.nih.gov/pubmed/7628954
http://doi.org/10.2527/1990.68124229x
http://www.ncbi.nlm.nih.gov/pubmed/1962766
http://doi.org/10.1111/jvim.16360
http://doi.org/10.3748/wjg.v10.i21.3081
http://doi.org/10.1017/S0007114508149194
http://doi.org/10.1093/jn/132.12.3721
http://doi.org/10.1002/vms3.80
http://www.ncbi.nlm.nih.gov/pubmed/29152318
http://doi.org/10.1017/S0954422415000037
http://www.ncbi.nlm.nih.gov/pubmed/26156216
http://doi.org/10.1079/BJN19950137
http://doi.org/10.2527/jas.2014-7962
http://doi.org/10.2527/jas.2007-0819
http://doi.org/10.1136/gut.19.9.819
http://doi.org/10.1080/10408398.2020.1809991
http://www.ncbi.nlm.nih.gov/pubmed/32865002

	Introduction 
	Materials and Methods 
	Experimental Design and Diets 
	Chemical Analysis 
	Scores for Food Intake and Apparent Digestibility 
	Quality of Feces and pH Value 
	Fecal Short-Chain Fatty Acids 
	Statistical Analysis 

	Results 
	Chemical Composition of Experimental Diets 
	Apparent Fecal Nutrient Digestibility and Body Condition 
	Fecal Output, Fecal Consistency, Fecal DM, and Fecal pH 
	Fecal Short-Chain Fatty Acid (SCFA) 

	Discussion 
	Conclusions 
	References

