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Properties of Foods That Impact
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Overweight and obesity are common in global pet cat populations which makes it
important to understand how properties of food affect appetite (food motivation). In four
experiments, we studied this by using a model of operant conditioning for assessing
appetite in which cats could press a lever for food rewards. There was no effect of
protein status on motivation for protein, when evaluated in a cross-over design with cats
receiving low protein (LP) or high protein (HP) foods for 14 days. Cats obtained similar
numbers of HP and LP rewards, irrespective of whether their daily food was HP or LP
(mixed-effects model, P = 0.550 for food x reward, P = 0.151 for reward). High dietary
protein reduced food motivation when we regressed protein levels in 12 commercial
foods (12.0 to 27.4 g crude protein/MJ metabolizable energy; P = 0.022) fed for 2 days
and tested at 5 h postprandially on the third day whereas fiber levels were without effect
(8.8 to 17.8g non-starch polysaccharides/MJ; P = 0.992). Dietary fiber may reduce
appetite depending on its physicochemical properties and we tested the effect of a gelling
fiber (alginate), viscous fiber (psyllium) and a fermentable fiber (inulin). Cats received test
foods as well as control foods for 3 days and were tested on the third day at 3 h (alginate),
5h (psyllium) or 8 h (inulin) postprandially. Enriching the food with alginate (P = 0.379) or
psyllium (P = 0.153) did not affect the number of rewards obtained, but the feeding of
the inulin-enriched food did make the cats obtain fewer rewards than when they received
the control food (P = 0.001). Finally, cooking or grinding of dietary meat increased the
number of rewards obtained by cats, on day 3 at 3h postprandial, without evidence
for additive effects of these treatments (P = 0.014 for grinding x cooking). This study
shows that dietary content of protein or fiber, and the grinding or cooking of meat, all
affect appetite in cats as expected, though some predicted effects remained undetected
and clearly details regarding food properties matter. These and future findings can guide
the designing of foods that promote satiety and prevent over-eating in meal-fed cats.

Keywords: fiber, food motivation, food structure, operant conditioning, protein, satiety

INTRODUCTION

The domestic cat (Felis silvestris catus) has adopted a sedentary lifestyle that is common to pets, with
foods readily and superfluous available, and an energy consumption that often exceeds expenditure.
Overconsumption, relative to energy expenditure, underlies the development of overweight and
obesity, which is unfortunately common in pet cat populations around the world with estimates
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ranging from 19 to 48% to 4 to 13%, respectively (reviewed in
Hoelmkjaer and Bjornvad, 2015). Excess weight is detrimental to
the cat’s health and quality of life (German, 2006; Hoelmkjaer
and Bjornvad, 2015), which makes it important to understand
the regulation of food intake in cats and the properties of foods
affecting it, as to prevent and remedy overweight in pet cats.

Food intake is regulated by intertwined brain systems that
control homeostasis and reward or hedonism (Saper et al., 2002).
In this framework, the homeostatic system controls the levels of
energy and nutrients within the body, for example by increasing
the motivation to eat, and the hedonic system underlies the
pleasure of food consumption. The systems together ensure
intake of adequate nutrition, i.e. affective states express the
rewarding effects of foods (liking) and, consequently, modulate
the motivation (wanting) to obtain and select between foods.
Protein intake is regulated as such in various animal species
(Simpson and Raubenheimer, 1997), and cats target to eat
around 50% of the total energy in the form of protein (Hewson-
Hughes et al., 2011; Salaun et al., 2017). This is irrespective of
moisture content, texture (Hewson-Hughes et al., 2013), and the
organoleptic properties (Hewson-Hughes et al., 2016) of foods.
Though one study reported a lower protein target of 30% of
total energy when foods were standardized for palatability (Hall
et al.,, 2018), cats clearly crave protein and likely have the central
control systems for protein liking and wanting as observed in rats
(Chaumontet et al., 2018). This predicts strong motivation for
high-protein foods when cats have a low protein status, which
has not been tested experimentally so far.

Energy and nutrient homeostasis, including food intake, is
regulated on the long-term and short-term, like on a meal-to-
meal basis. Food consumption changes the motivational state
of animals, suppressing appetite and experiencing satiety. The
extent and duration of appetite suppression depend on the
amount and properties of the food (e.g. see Berthoud, 2008). Per
unit of energy, proteins appear more satiating than digestible
carbohydrates and fats (Morrison et al., 2012). Fibers (non-
digestible carbohydrates) potently promote satiety too, at least in
humans (Wanders et al., 2011) and pigs (De Leeuw et al., 2008).
This involves various underlying mechanisms (for a review see
Bosch et al,, 2007) that relate to the formation of gels in the
stomach (e.g. alginate; Paxman et al., 2008) and small intestine
(e.g. psyllium; Brum et al., 2016) or via the promotion of large
intestinal fermentation (e.g. inulin; Korczak and Slavin, 2018).
The satiating properties of foods can be increased also by its
physical structure. In humans, for example, a meal with ground
steamed chicken suppressed hunger less than a meal with the
solid equivalent (Martens et al., 2011). Though some studies in
cats suggest that fibers increase satiety (Hours et al., 2016), and
that protein and fiber levels affect voluntary food intake (Servet
et al., 2008), more needs to be known about the impact of food
properties on appetite in cats.

We hypothesized that the effects of food properties on appetite
described above would also apply to cats and we therefore
quantified these effects on appetite (food motivation) in cats,
by using a model of operant conditioning in which cats could
press a lever for food rewards. In four experiments, we assessed
if dietary protein level influences motivation for specifically

protein, if dietary protein and fiber levels of commercial foods
relate to appetite, if the fibers alginate, psyllium or inulin
suppress appetite, and if manipulating the physical structure of
food by grinding and/or cooking of meat alters its potential to
suppress appetite.

MATERIALS AND METHODS

The present experimental procedures did not involve animal
suffering and were therefore not considered as animal
experiments as defined in the Dutch Experiments on Animals Act
(2014), as assessed by the Animal Welfare Body of Wageningen
University (Wageningen, The Netherlands).

Cats, Housing and Care

The study cats belonged to a colony of 32 adult European short-
hair cats at “Carus” research facility (Wageningen University
& Research, the Netherlands). Cats were housed in groups
of the same sex of up to eight individuals in rooms of 10.4
m? with access to a fenced outdoor area of 5.4 m?2. Usable
space was increased with multiple shelves varying in height,
and with hammocks and multiple litter boxes and water bowls.
Scratching posts, rush matting, pieces of carpet and wood were
provided for the deposition of olfactory and visual signals and
for claw abrasion. Toys were provided and exchanged on a
regular basis. Rooms had daylight and electric lighting was on
from 7:00 to 19:00. Cats were fed individually in metabolic
cages in the morning and afternoon with a dry extruded food
(Perfect Fit™ In-Home, Mars Petcare, Verden, Germany) and
at a level that met metabolizable energy (ME) requirements for
maintaining weight. Food leftovers were recorded after each
meal to calculate the individual food intakes. The cats’ health
was checked daily by biotechnicians. Body weight and condition
were determined before and after the experiments and, for the
first experiment, also between the two feeding periods. In the
first two experiments, the body condition was scored using the
Waltham S.H.A.P.E. system (Alexander et al., 2010), after which
the procedures at the facilities changed to the Nestlé PURINA
Body Condition System (Laflamme, 1997). Fecal consistency
was scored throughout the study, using the Waltham system
(Moxham, 2001), and the abdomen of the cats were checked
for intestinal upset if caretakes found feces with scores of 4 or
higher. Cats were removed from the study to ensure animal
welfare when feces consistency remained poor for 2 consecutive
days or in the case of bloating. When cats participated in studies,
foods and feeding routines were modified according to the study
requirements as explained below.

Operant Test Apparatus

The four experiments involved that cats were tested for food
motivation, and this was assessed by the number of lever presses
cats were willing to make to get a food reward. For this, we used
a self-build operant conditioning apparatus (Figure 1; W x D x
H: 70 x 81 x 54cm) that was furnished with a speaker and a
red button covered by Perspex lids to create a lever. A hardboard
divider (D x H: 30 x 39cm) separated a second lever, which
was not used for the presented work. An Arduino open-source
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FIGURE 1 | Operant conditioning apparatus for testing food motivation in cats. The speaker emits a sound of 1,000 Hz for 0.1 s when the lever is pressed but no
reward is dispensed and a sound of 2,000 Hz for 0.2 s when a food reward (one kibble) is dispensed. The reward is dispensed from the wheel at the top of the
apparatus to the reward tray. The Arduino open-source electronics platform enabled the sound cues and scheduling of food rewards (Photo credit: Angi Li).
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electronics platform enabled sound cues and the scheduling of
food rewards in relation to lever pressing, and it recorded the
number of presses made by the cats. A stepper motor operated a
wheel by which food rewards (kibbles) were dispensed on a small
tray located above the lever. Successful presses and food reward
dispensing were signaled by sound cue (1,000 Hz for 0.1s and
2,000 Hz for 0.2 s, respectively). The apparatus was placed in an
experimental room that was familiar to the cats and in the same
corridor as their living room.

Training and Testing

All cats were trained to press the lever for food rewards by
means of shaping their behavior via clicker training. Training
was tailored to individual performances, meaning that some cats
received more training time than others. The test protocols were
occasionally tweaked between experiments, but protocols were
standardized within experiments. Cats were typically eager to
press the lever and were not forced to do so. The cats were tested
with a single commodity reinforcement schedule, with workload
increasing after each reinforcement (variable ratio). Starting with
1 lever press reinforcement, the number of presses required to
obtain successive rewards was increased by 1 or 2, depending
on the variability in eagerness to press among cats and on the
experiment. The test ended when the maximum time had passed
(15min) or the cats were not motivated anymore to operate the
lever and walked away or jumped out from the apparatus for a
third time, or showed no intention to press the lever for more
than 2min. We recorded the number of presses, rewards and
time intervals.

Experiment 1: Protein Status

Daily foods of low protein (LP) or high protein (HP) were fed
to cats that were tested for food motivation by lever pressing for
food rewards of HP or LP. The experiment tested if cats with
low protein status were more food motivated, especially for high
protein rewards. Eight cats (3", 59; 3.2 to 5.8 years old, 3.0 to
4.1kg BW, body condition score B to E) were randomly assigned
to one of two groups. In a cross-over design, groups were fed
either the LP or the HP food for 14 days in period 1 and then
switched to the other food for 14 days in period 2. The first 3 days
of each period were used to adapt cats to their test food. Cats
were fed at maintenance level in two equal meals between 7:30
and 8:30, and between 15:00 and 16:00. The last 6 days of each
period were used to measure food motivation once per day at 5h
after their morning meal. The first 3 out of 6 food motivation tests
were done with LP rewards and the last 3 with HP rewards, with
this order being reversed in period 2. Records for cats consuming
<90% of their morning meal on the day of testing were excluded
from further analyses, as to minimize the effect of accidental low
food intake on measured food motivation.

The daily food was prepared by mixing a commercial wet
food that contained 50% ME in protein with pregelatinized corn
starch or with acid casein, a liquid palatability enhancer and
water (the latter for LP food only). Food portions were weighed,
tagged and stored at —18°C until the start of the study. Foods
were thawed at room temperature overnight before feeding.
Food leftovers were weighed to determine food intake. The

rewards that cats could earn by lever pressing were commercial
dry extruded kibbles standardized to a weight of 0.15 g/kibble
with either a HP or a LP content. Foods and rewards were
chemically analyzed for proximate composition and from this
the ME contents and protein energy were calculated. Protein
energy was 34.7% for the LP food and 71.0% for the HP food
and 27.7% for the LP rewards and 40.5% for the HP rewards
(Table 1). Statistical analyses were carried out using a mixed-
effects model in the PROC MIXED procedure in SAS (version
9.4; SAS Inst. Inc., Cary, NC). The model included the fixed
effects of food (LP, HP), reward (LP, HP), and food x reward
interaction and period (1, 2) as a random effect. Day of testing
was included in the repeated statement and cat within group
as subject. Based on the lowest Akaike’s information criterion,
a first-order autoregressive covariance structure [AR(1)] was
selected to account for within-cat variation. Assumed normality
of the error term (residuals) was examined using the Shapiro-
Wilks test in PROC UNIVARIATE and confirmed.

Experiment 2: Protein and Fiber Levels

Commercial foods were fed to the cats for 3 days and food
motivation was assessed on the third day, again using the model
of lever pressing for food rewards. Twelve cats (67, 69; 3.5 to 6.3
years old, 3.5 to 6.2 kg BW, body condition score D to E) were fed
each of the 12 foods in a Latin-square design with 12 periods of
3 days. A maximum of four cats could be tested within 1h. Cats
were therefore divided in three groups of four cats, of which the
second and third groups started respectively one and two days
later than the first group. Cats were fed at maintenance level in
two equal meals between 8:00 and 9:00, and between 15:00 and
16:00. Food leftovers in the morning were weighed and added
to the afternoon meal. The first 2 days of each period were used
to adapt cats to their test food. Food motivation was measured
on the last day of each period at 5h after their morning meal.
Rewards were commercial dry extruded kibbles (Perfect Fit™ In-
Home). Records for cats consuming <90% of their morning meal
on the day of testing were excluded from further analyses.

A dataset was created containing dry cat foods available on the
Dutch market. Labeled crude protein and crude fiber contents
were expressed per unit of ME as described in NRC (2006).
From the 408 foods in the dataset, 12 foods were selected to
obtain dietary treatments with graded levels of protein and fiber
contents. Foods were chemically analyzed for compositions, and
from this the non-starch polysaccharide (NSP) and metabolizable
energy (ME) contents were calculated. Foods varied in CP from
12.0 to 26.5 g/MJ ME and in NSP from 3.8 to 17.8 g/MJ
ME (Table 2). Three statistical models were implemented, using
the PROC MIXED procedure, which included both the protein
and NSP contents (in g/M] ME) as explanatory co-variates (i.e.
multiple regression), protein content only and NSP content only.
Cat within group and period (1 to 12) were included as random
effects in each model. Assumed normality of the error term
(residuals) was tested using PROC UNIVARIATE and confirmed.

Experiment 3: Fiber Types
Dietary fiber content was tested for effects on food motivation
following the 3-day procedures as described for the commercial
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TABLE 1 | Analyzed chemical composition of low and high protein foods and low and high protein kibble rewards? (g/100 g dry matter unless defined differently).

Parameter Food Reward
Low protein High protein Low protein High protein

Dry matter (as is) 31.2 30.4 94.0 93.6
Crude protein 33.0 71.0 30.0 415
Starch 41.6 2.9 34.3 22,5
Crude fat 12.7 13.0 13.9 1.7
Crude fiber 1.0 1.1 3.8 7.3
Crude ash 5.2 10.5 7.7 7.0
Nitrogen-free extract? 48.1 4.5 44.5 32.5
MEnrce (MJ/100 g dry matter) 1.75 1.77 1.67 1.61
MEaterd (MJ/100g dry matter) 1.55 1.63 1.59 1.50
Protein energy® (%) 34.7 71.0 27.7 40.5

4L ow protein food: Royal Canin Instinctive Cat Gravy (Royal Canin, Aimargues, France) mixed with pregelatinized corn starch (Merigel 100, Brenntag SRL, llfov, Romania), liquid palatability
enhancer (AFB International, Oss, The Netherlands) and water in a ratio of 100:18.0:8.6:5.0 (food:starch:palatant:water) on fresh weight basis; high protein food: Royal Canin Instinctive
Cat Gravy mixed with acid casein (Havero Hoogwegt, Amhem, The Netherlands) and liquid palatability enhancer (AFB International) in a ratio of 100:16.5:8.2 (food:casein:palatant)
on fresh weight basis; low protein reward: Royal Canin Indoor, chemical analyses based on a different batch of kibbles; high protein reward: Royal Canin Light Weight Care, chemical
analyses based on a different batch of kibbles.

bCalculated as 100 — crude protein — crude fat — crude fiber — crude ash.

¢Metabolizable energy following the 4-step-calculation as described in NRC (2006).

9Metabolizable energy calculated as crude protein x 16.32 + crude fat x 32.22 + nitrogen-free extract x 12.55 for wet foods and crude protein x 14.64 + crude fat x 35.56 +
nitrogen-free extract x 14.64 for dry kibble rewards with macronutrients in g/100 g and modified Atwater factors in kJ/g (Hewson-Hughes et al., 2013).

€Calculated using modified Atwater factors for protein in the wet food (16.32 kJ/g) and dry kibble rewards (14.64 kJ/g) and expressed as percentage of total metabolizable energy.

TABLE 2 | Analyzed chemical composition of commercial dry extruded foods (g/100 g dry matter unless defined differently).

Parameter Food? Reward®
1 2 3 4 5 6 7 8 9 10 11 12
Dry matter (as is) 94.5 94.8 93.6 94.6 93.9 94.7 94.3 94.0 93.4 94.8 94.1 93.4 94.3
Crude protein 23.4 31.3 34.9 30.6 325 35.0 40.3 37.2 36.4 36.1 421 46.9 41.0
Crude fat 26.2 19.5 20.2 14.5 15.9 11.2 16.5 141 12.9 9.8 11.2 13.1 12.5
NFE® 42,5 41.6 38.7 42.1 41.8 43.4 33.6 325 34.2 33.0 321 29.6 33.3
Crude fiber 35 1.6 1.2 5.6 4.7 5.4 2.0 8.3 9.4 12.8 7.4 3.7 4.0
Crude ash 4.3 5.9 5.1 71 5.2 5.1 7.6 7.8 71 8.3 71 6.7 9.2
Starch 31.6 33.6 31.1 29.4 29.6 32.7 28.8 20.8 20.5 20.2 22.2 20.6 221
ADLY 0.7 0.5 0.7 1.1 0.5 1.1 0.3 1.5 3.6 2.6 1.7 0.4 1.3
NSP® 14.4 9.7 8.8 18.3 16.9 16.0 6.8 20.0 23.1 25.6 17.4 12.7 156.2
ME' (MJ/100g dry matter) 1.94 1.85 1.89 1.66 1.74 1.64 1.78 1.61 1.57 1.44 1.59 1.71 1.65
Crude protein, g/MJ ME 12.0 16.9 18.4 18.5 18.7 21.3 22.6 23.2 23.2 25.0 26.5 27.4 24.9
NSP, g/MJ ME 7.4 52 4.7 111 9.7 9.8 3.8 12.5 14.7 17.8 10.9 7.4 9.2

4Animonda Integra Protect Nieren (animonda petcare gmbh, Bad Rothenfelde, Germany), Hill's Science Plan Adult Sensitive Skin Chicken (Hill's Pet Nutrition B.V., Breda, The
Netherlands), Royal Canin Diabetic DS46 (Royal Canin, Aimargues, France), Royal Canin Satiety Support Weight Management, Prins VitalCare Dieet Weight Reduction & Diabetic,
Royal Canin Sterilized Appetite Control, Royal Canin Indoor Appetite Control, Hill's Science Plan Adult Light Chicken, Royal Canin Sterilized 12+, Royal Canin Outdoor 7+, Royal Canin
Digestive Care, Royal Canin Light Weight Care.

bCalculated as 100 — crude protein — crude fat - crude fiber — crude ash.

CNitrogen-free extract, calculated as 100 - crude protein — crude fat - crude fiber — crude ash.

9Acid detergent lignin.

©Non-starch polysaccharides, calculated as 100 — crude protein — crude fat — starch — crude ash — ADL.

"Metabolizable energy calculated according to NRC (2006).

foods. Within an experimental group, each of the 3 fiber
treatments were tested against control treatments in a cross-
over design with some cats starting with the control treatment
and others with the fiber treatment. Each of the two periods
included 2 d of adaptation, and the testing for food motivation
after the morning meal on day 3. Eight cats (45", 49; 5.3 to 5.4

years old, 3.6 to 5.7 kg BW, body condition score 5 to 5.5) were
assigned to four groups blocked by sex. All groups tested all 3
fiber sources, but in a different order and the fourth group started
one day later than the other three groups. Three fiber sources
were selected that differed in physicochemical properties and in
the ways to suppress appetite, being alginate, psyllium and inulin.
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TABLE 3 | Composition (% as is) and calculated chemical composition (9/100 g dry matter unless defined differently) of fiber-enriched foods and their respective control

foods fed as morning meal.

Parameter Control Alginate Control Psyllium Control Inulin
Diet composition

Fiber source? 0.0 0.6 0.0 3.2 0.0 2.4
Wet food® 18.4 18.3 16.2 15.7 20.0 19.5
Dry food® 81.6 81.1 83.8 81.1 80.0 78.1
Chemical composition

Dry matter, % as is 81.6 81.7 83.1 83.4 80.5 80.9
Crude protein 36.5 36.3 36.3 35.1 36.7 35.7
Crude fat 19.6 19.5 19.7 191 19.5 19.0
Crude fiber 1.1 1.8 1.1 4.4 1.1 3.8
Crude ash 5.6 5.6 5.6 5.5 5.6 5.5
Nitrogen-free extractd 37.2 36.9 37.3 36.0 37.1 36.1
ME® (MJ/100 g dry matter) 1.88 1.87 1.88 1.82 1.88 1.85

aAlginate Pectacon M-5761 (Acatris, Bunschoten, The Netherlands), psyllium husk (PUUR, Culemborg, The Netherlands), fructooligosaccharides Orafti GR (Beneo, Tienen, Belgium).

PHFC Natural Chicken Breast (Almo Nature, Genova, ltaly).

CHill's Science Plan Adult Sensitive Stomach & Skin Chicken (Hill's Pet Nutrition B.V., Breda, The Netherlands).
9Nitrogen-free extract, calculated as 100 — crude protein — crude fat — crude fiber — crude ash.

€Metabolizable energy calculated according to NRC (2006).

Fibers potentially suppress appetite at different moments after the
meal, which were assumed to be around 3 h for alginate, 5h for
psyllium and 8 h for inulin based on gastrointestinal transit times
in cats. With a gastric half-emptying time of 2.5 to 3.9h (Wyse
et al., 2003; Husnik et al., 2017) and a small intestinal transit time
of about 2.5h (Chandler et al., 1997, 1999), the amount of fiber
that would have entered the colon and been fermented might
have been insufficient at 5 h after the meal. Food motivation was
measured at these time points after the morning meal. Rewards
were commercial dry extruded kibbles (Perfect Fit In-Home,
Masterfoods, Verden, Germany).

Fiber sources were mixed each morning with a low-fiber
wet food (0.02 g crude fiber/100 g dry matter; Table 3) to reach
effective dosages for appetite suppression reported in humans
[i.e. 0.06 g/kg BW®7> for alginate, Paxman et al. (2008); 0.36 g/kg
BW%75 for psyllium, Brum et al. (2016); 0.22 g/kg BW®”> for
inulin, Korczak and Slavin (2018)]. Effective dosages in humans
were extrapolated to cats on a metabolic BW basis (75 to 4 kg).
The mixtures were fed together with a commercial low-fiber
content dry food (1.1g crude fiber/100g dry matter) in the
morning between 7:45 and 8:45 at 40% of the estimated ME
requirements. For each fiber-enriched food, a control food was
made consisting of the wet food and dry food (Table 3). In the
afternoon between 16:45 and 17:45, only the dry food was fed to
reach the remaining 60% of the ME requirements. ME contents
were calculated based on compositional data on the labels. Food
leftover for each cat was recorded to calculate the morning and
total intake. Records for cats consuming <90% of their morning
meal on the day of testing were excluded from further analyses.
Data analyses for each fiber type were carried out using the PROC
MIXED procedure with models including the food (control,
fiber) as fixed effect and cat within group and period (1, 2) as
random effects. Assumed normality of the error term (residuals)
was tested using PROC UNIVARIATE and confirmed.

Experiment 4: Food Physical Structure
The physical structure of food was altered by grinding and/or
cooking of the meat and tested for effects on food motivation
following the described 3-day procedures. Eight cats (45", 4¢; 5.2
to 5.2 years old, 3.1 to 5.6kg BW, body condition score 5 to 6)
were assigned to four groups of two cats. Groups were fed each
of four meats in a Latin-square design with four periods of 3
days. The second, third and fourth groups started respectively
one, two and three days later than the first group. Cats were
fed at maintenance level in three meals with meats being fed in
the morning at 30% of the estimated required energy and the
commercial wet food was fed in the early and late afternoon
at respectively 20 and 50% of the requirement. To allow food
motivation measurements at exactly 3 h after the morning meal,
cats within a group were successively fed with the first cat being
fed at 8:00, the second at 8:30, etc. In the afternoon the feeding
times were 13:00, 13:30, etc. and 16:00, 16:30, etc. Rewards were
commercial dry extruded kibbles (Perfect Fit In-Home).
Chicken breast (Pectoralis major) was trimmed from all visible
fat and connective tissue. Half of the meat was cut into strips
of 1 x 1 x 2cm (S) and the other half was ground to a
particle size < 2 mm (G) using a manual meat grinder with 3 mm
die (AMG600 Electric Meat Grinder, Bestron, ‘s-Hertogenbosch,
The Netherlands). Half of the meat in strips and half of the
ground meat were cooked (C) in zip-lock bags in a water bath
at ~75°C for 90 min whereas the other parts remained raw
(R). Cooked meats were cooled down to room temperature
(~20°C). All water released from the meat after cooking
remained in the respective portion. Finally, all the individual
food portions were weighed, tagged and stored at —18°C until
the start of the study. Metabolizable energy (ME) content of the
meat (1.76 MJ/100 g dry matter) was calculated using modified
Atwater factors for highly digestible foods (NRC, 2006) and
compositional data according to the Dutch food database LEDA
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(Netherlands Nutrition Centre., 2019). As chicken breast does
not provide all nutrients that cats require, a wet canned food
(1.87 MJ/100 g dry matter; Whiskas tuna flavor, Masterfoods,
Verden, Germany) was also fed to the cats. Meats were thawed at
room temperature overnight before feeding. Food leftovers were
weighed to determine food intake. The statistical model in PROC
MIXED included the fixed effects of grinding (strips, ground),
cooking (raw, cooked), and grinding x cooking interaction and
cat within group and period (1 to 4) as random effects. Assumed
normality of the error term (residuals) was tested using PROC
UNIVARIATE and confirmed.

RESULTS AND DISCUSSION

Food motivation plays a role in cats becoming overweight and
may require a certain amount of control by dietary strategies.
To develop such strategies, we need to understand the regulation
of food intake by dietary factors and here we studied the effects
of dietary content of protein and/or fiber, and the physical
properties of dietary meat on food motivation.

Experiment 1: Protein Status

The reward value of protein depends on an individual’s internal
protein status, at least in rats (Chaumontet et al., 2018), and
here we tested this with cats. In a cross-over design, eight cats
received a low protein (LP) or a high protein (HP) food for 14
days and, from day 8, were assessed daily for food motivation by
lever pressing for HP or LP kibbles. Two female cats were taken
out from the study during their second period because of loose
feces. One cat had low food consumptions of both foods (99 to
60% of the daily amount, 22% on average for 12 morning meals)
and two cats had occasional low consumptions (87 to 84% for
three meals; 33% for one meal), which resulted in exclusion of
four out of 60 records from the dataset. In the first experimental
period cats gained on average (%stdev) 1.3% (£1.9%) in BW
(ranging from —0.9 to 4.6%) and in the second period this was
0.9% (£2.5%; —1.8 to 3.4%). In 56 15-min trials, the five cats
pressed on average 178 (£84) times per trial to obtain in total
13 (£3) food rewards. Cats obtained similar numbers of HP
and LP rewards, irrespective of whether their daily food was
HP or LP (mixed-effects model, P = 0.550 for food x reward,
P = 0.151 for reward) (Figure 2), which suggests that protein
content did not affect satiety after the meal. Proteins are more
satiating than digestible carbohydrates, in humans and animal
models (Morrison et al., 2012), and the satiating potential of
protein was detected in our second experiment (see below). The
reward value of protein was unaffected when cats were in a low-
protein status, and this did not impact on the general motivation
for rewards (food P = 0.324). Our findings are not in line with
those in rats where protein-restriction was suggested to induce
a reward system-driven appetite for protein (Chaumontet et al.,
2018). Relative to feeding rats a normal-protein (NP) diet (14% of
energy from protein), feeding a LP diet (6%) for 2 weeks altered
gene expressions in the nucleus accumbens that are involved
in reward pathways, contribute to food intake behavior and
preference for protein when having a choice between HP (55%),
NP and LP feeds for 24h (Chaumontet et al.,, 2018). We may
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FIGURE 2 | Boxplots for number of rewards obtained by lever pressing for
kibbles with low (LPR) or high (HPR) protein content. Cats (n = 5) were
adapted to wet foods with a low protein (LP) or a high protein (HP) content and
tested for motivation around 5 h after their morning meal. Similar numbers of
HP and LP rewards were obtained irrespective of food provided (P = 0.550 for
food x reward). Boxes show the interquartile ranges and whiskers show the
minimum and maximum values.

Rewards (#)

have missed such effects due to the reduced statistical power as
five instead of eight cats finished the study. Future studies can
consider lowering the protein content of the LP food to increase
the contrasts between treatments and potentially elicit a stronger
response as observed in our study.

Experiment 2: Protein and Fiber Levels

Dietary proteins and fibers promote satiety (Bosch et al., 2007;
Morrison et al., 2012) and are thus expected to reduce food
motivation. We tested whether protein and fiber levels in 12
commercial foods explained variation in motivation for food.
The cats’ motivation to lever press for food rewards was
assessed 5h after the morning meals of the third day of being
fed a commercial food. Ten out of 12 cats remained healthy
throughout the study. One cat was taken out of the study as
a precautionary measure in period 10 due to minor signs of
bloating and low food intake, and one cat was excluded from
further analyses due to substantial leftovers throughout the study
(32 out of 36 days). Food intake was 98% of the provided meals
or higher for 10 cats and 96% for one cat. The morning meals
before the motivation tests were completely consumed for all
foods except for foods 9 and 10. For food 10, two cats consumed
94 or 97% of their morning meal whereas for food 9 six cats
consumed 98% to 85% of their morning meal with three cats
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FIGURE 3 | Number of rewards obtained by lever pressing for kibbles. Cats (n
= 10 to 11) were adapted to dry extruded foods with differing levels of
non-starch polysaccharides (NSP, green open markers) and crude protein (CP,
blue filled markers) and tested for motivation around 5 h after their morning
meal. Slopes of regression lines were different from O for protein level (P =
0.014) but not for NSP level (P = 0.360).

having consumed <90% of the meal provided. These two foods
9 and 10 had highest fiber contents (14.7 and 17.8g NSP/M]J
ME), which may have been the least palatable, although other
studies do not report low palatability of commercial high-fiber
foods (Servet et al., 2008; Hours et al., 2016). As foods 9 and
10 also had low energy densities (1.57 and 1.44 MJ/100 g DM),
meal sizes were on average 8 and 18% larger than for the other
foods, which may have promoted stronger feelings of within-
meal satiety, limiting meal intake. Over the experimental period
during which the cats received the commercial foods they gained
on average 1.1% (£1.3%) in BW (ranging from —0.6 to 3.2%)
with cats having a BW of 3.2 to 6.1 kg and a body condition score
of C to E at the end of the experiment. The 10 cats pressed on
average 244 (£239) times in 124 15-min trials to obtain in total
18 (£8) food rewards. The multiple regression analysis of dietary
protein (crude protein, CP) and fiber (non-starch polysaccharide,
NSP) on the number of food rewards showed that these decreased
with increasing protein level at an estimated rate of —0.25 reward
per g CP/M] ME (95%-CI —0.47 to —0.04; P = 0.022) whereas
fiber was without effect (0.00 reward per g NSP/MJ ME, —0.27 to
0.27; P = 0.992). Single regression analyses (Figure 3) confirmed
this, with slopes being different from 0 for CP level (—0.25, 95%-
CI —0.46 to —0.05; P = 0.014) but not for NSP (—0.12, 95%-
CI —0.37 to 0.14; P = 0.360). Dietary protein content, in the
range of 12.0 to 27.4 g CP/M] ME, reduced food motivation 5h
postprandial and this satiating potential is in line with findings
in humans (Veldhorst et al., 2008; Leidy et al., 2015). The effect

was detectable irrespective of the considerable variation among
the 12 commercial foods in ingredients and nutrients other than
protein and fiber. Increasing protein content promotes satiety,
but other aspects of foods high protein (e.g., impacting health)
should be considered when developing cat foods. Dietary fiber
content, in the range of 3.8 to 17.8 g NSP/M] ME, did not relate
to the cats’ food motivation. Fibers promote satiety depending
on their physicochemical properties like gelling, viscosity and
fermentability (De Leeuw et al., 2008; Wanders et al., 2011), but
these properties were not measured in this experiment. It can be
speculated that fibers present in the selected commercial foods
were merely bulky in nature with little gelling action and impact
on digesta viscosity nor being highly fermentable. Moreover, the
moment of testing at 5h after the morning meal may not have
been optimal for finding an effect of fermentation. With a gastric
half-emptying time of 2.5 to 3.9h (Wyse et al.,, 2003; Husnik
et al., 2017) and a small intestinal transit time of about 2.5h
(Chandler et al., 1997, 1999), the amount of fiber that would
have entered the colon and been fermented might have been
insufficient at 5h after the meal. Cat foods designed to aid in
weight management generally have high protein and fiber levels
(German, 2016). In dogs, this combination was more effective in
stimulating satiety than high-protein only (Weber et al., 2007). It
cannot be excluded that this is different for cats and that protein
levels are in particular important to promote satiety, at least when
cats are fed restrictively. The application of these findings to cats
fed unrestricted amounts of food, however, is limited as voluntary
intake can actually be increased when protein levels are high (Wei
et al,, 2011). This may be controlled by decreasing protein levels
and increasing fiber levels (Servet et al., 2008). This experiment
did not demonstrate an effect of fiber level on satiety, which may
in part have been due to the specific fiber types as evident from
the next experiment.

Experiment 3: Fiber Types

Fibers vary in their potential to prolong satiety depending on
their physicochemical properties (De Leeuw et al., 2008; Wanders
et al,, 2011). We tested the effect of a gelling fiber (alginate),
viscous fiber (psyllium) and a fermentable fiber (inulin) on food
motivation in cats. The cats received test foods as well as control
foods for 3 days and pressed lever for food rewards at 3h
(alginate), 5h (psyllium) or 8h (inulin) after the morning meal
on the third day. All cats remained healthy throughout the study.
Food intake was 99% or higher, which also included the morning
meals before the food motivation tests. On average, cats lost 1.5%
(£2.1%) of their BW (—5.1 to 1.8%) and had a BW between
3.4 and 5.8 kg and body condition score between 4.5 and 5 at
the end of the experiment. The eight cats pressed on average
188 (4132) times in 48 15-min trials to obtain in total 13 (£5)
food rewards. Enriching the food with alginate or psyllium did
not affect the number of rewards that cats obtained (P = 0.379
and P = 0.153, respectively). The feeding of the inulin-enriched
food did result in fewer rewards obtained than when cats received
the control food (P = 0.001; Figure 4). In humans, similar levels
of dietary alginate and psyllium suppressed, respectively, energy
intake (Paxman et al., 2008) and hunger (Brum et al, 2016).
The present lack of effect of alginate and psyllium on food
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motivation may be explained by species differences in digestive
physiology and appetite regulation, levels of effective dosages and
timing of testing for appetite. For alginate, the effectiveness to
gel in the stomach of the cats should be considered. We mixed
the alginate with only a small amount of wet food and fed it
together with a dry food. Liquids are required to elicit gelling of
alginate, but the liquid does not necessarily need to come from
the food. A dry pelleted feed with 5% alginate was effective in
gelling stomach digesta in growing pigs (Souza da Silva, 2013),
which was mixed with gastric juice and/or drinking water. It
remains speculative to what degree alginate was successful in
creating a strong gel matrix in our cats, and in slowing stomach
emptying of the complete food mixture. The alginate was mixed
with the wet food and then fed together with the dry food. If
alginate only gelled the wet food without impacting the dry food
in the stomach, the resulting contrasts in gastric distention and
emptying would have been smaller than intended. Furthermore,
at the moment of testing at 3h after the morning meal, the
difference between treatments in stomach distention and delayed
nutrient absorption due to entrapment in the gel matrix might
have been too small to create a contrast in feelings of satiety.
An increase in digesta viscosity by adding psyllium did also
not affect the cats’ food motivation at 5h postprandially. The
timing of measuring food motivation is not expected to play an
overly strong role in this. Psyllium reduced appetite in human,
relative to the placebo, and this was retained from shortly after
the meal until the next meal 4.5 h later (Brum et al., 2016). The
effects of dietary fibers on satiety in cats seem relatively subtle
and subject to a range of modulating factors that are in part

well-established, like physicochemical properties, whereas other
factors are less clear. Having multiple measurements for a dietary
treatment for each cat could reduce the variability and increase
the resolution to reveal potentially more subtle satiating effects
that alginate or psyllium could promote. Dietary fermentable
fibers reduced appetite in various species including humans
(Korczak and Slavin, 2018), dogs (Bosch et al., 2009a,b) and pigs
(Souza da Silva et al., 2012) and various underlying appetite-
regulating mechanisms have been described (for a review see e.g.
Bosch et al., 2007). The large intestine of cats is relatively short
and non-sacculated, but it hosts an active microbial community
that is capable of fermenting fibers, including inulin (Sunvold
et al, 1995; Bosch et al, 2017), and potentially stimulating
mechanisms that promote satiety. The supplemented inulin
was indeed effective in reducing motivation for food in cats
measured 8 h after the morning meal. Fermentable fibers differ
in their rate of fermentation as well as in the fermentation
products formed (Bosch et al., 2017), and findings like ours
do not necessarily apply across different fermentable fibers.
This is open to further research and it would be interesting to
study the effectivity of different fermentable fibers in reducing
voluntary food intake in cats that are fed unrestricted amounts
of food.

Experiment 4: Food Physical Structure

The physical structure of food regulates appetite in humans
(Martens et al., 2011) and we tested whether in cats the cooking
and grinding of dietary meat changes its satiating properties.
All eight cats remained healthy throughout the experiment, they
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FIGURE 5 | Boxplots for the number of rewards obtained by lever pressing for
kibbles. Cats (n = 8) were adapted to raw or cooked meat fed in strips (1 x 1
x 2.cm) or ground (particle size < 2mm) and tested for food motivation 3 h
after their morning meal. Boxes show the interquartile ranges, whiskers show
the minimum and maximum values, and the asterisk indicates difference
between raw stripped meat and other treatments (P = 0.014 for grinding x
cooking).

received the test foods for 3 days and were assessed for food
motivation at 3 h after the morning meal on the third day. Food
intake was complete, including the morning meals before the
motivation tests. On average, cats gained 4.9% (£4.4%) of their
BW (-0.4 to 10.6%; 3.1 to 6.0kg BW, body condition score 5
to 6). Cats obtained only few rewards by lever pressing when
the meat in their daily diet was raw and in strips (P = 0.014
for grinding x cooking; Figure5). All other foods, with the
meat cooked and/or ground, resulted in similarly stronger food
motivation, without evidence for additive effects. The digestive
properties of the meat changes with cooking and grinding in
a way that it facilitates digestion of nutrients through chemical
changes like denaturation and physical changes like increased
surface area. The accelerated digestion of processed meat showed
in a decreased diet-induced thermogenesis (i.e. energetic costs for
meal digestion and assimilation; Secor, 2009) when it was cooked
(12.4%), ground (12.7%) or cooked and ground (23.4%), and fed
to Burmese pythons (Python molurus) (Boback et al., 2007). The
additive effect of the combination of cooking and grinding on the
speed of digestion in pythons did not show in the food motivation
of our cats, which might relate to species differences in digestive
physiology, type of meats used, or degree of grinding. We did not
observe an effect of cooked meat provided as strips or ground,
as it was observed in human subjects who consumed a piece

of cooked meat with a glass of water or had the meat ground
and liquified in water (Martens et al., 2011). Such liquified meat
will have a more rapid passage through the stomach than our
cooked meat that was ground to a particle size < 2mm and fed
as a solid product. Our finding that cooking as well as grinding
reduced the satiating potential of meat for cats is in particular
relevant for the processing of ingredients and complete foods.
Commercial cat foods typically contain ingredients that are finely
ground and heated to improve the properties of the final product,
including safety and shelf-life. Such processing treatments would
make nutrients easier digestible, but potentially with unfavorable
effects on the satiating properties of the food. Such a relationship
has not been studied in cats to date and research is warranted in
which the digestion kinetics of nutrients in ingredients and foods
are manipulated and tested for their impact on satiety and energy
intake in cats.

CONCLUSIONS

Dietary protein content, supplementation of inulin and the
grinding or cooking of meat, all affected food motivation in cats
as expected, though some other expected effects of fiber and
protein remained undetected. We showed that different food
properties impact on motivation for food, as quantified with
a model of operant conditioning, and such findings can guide
the designing of cat foods that aim to promote satiety in meal-
fed cats. High dietary protein levels in commercial foods were
associated with reduced motivation for food and supplementing
food with inulin reduced food motivation 8 h after the meal. The
physical structure of food is also relevant in appetite regulation
with either cooking or grinding already reducing the satiating
property of meat. Unexpectedly, motivation for protein-rich
rewards was not changed by dietary protein level and food
motivation was not affected by the fiber content of commercial
foods nor by the dietary fibers alginate and psyllium. Limitations
in the resolution of our measuring methods could play a role, and
the unexpected outcomes warrant further study to elucidate how
food properties affect voluntary food intake and energy balance
in cats.
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