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Abstract
A low-carbohydrate, high-protein (LCHP) diet is often recommended for the prevention and management of diabetes in cats; however,
the effect of macronutrient composition on insulin sensitivity and energetic efficiency for weight gain is not known. The present study
compared the effect in adult cats (n 32) of feeding a LCHP (23 and 47 % metabolisable energy (ME)) and a high-carbohydrate, low-protein
(HCLP) diet (51 and 21 % ME) on fasting and postprandial glucose and insulin concentrations, and on insulin sensitivity. Tests were done
in the 4th week of maintenance feeding and after 8 weeks of ad libitum feeding, when weight gain and energetic efficiency of each diet
were also measured. When fed at maintenance energy, the HCLP diet resulted in higher postprandial glucose and insulin concentrations.
When fed ad libitum, the LCHP diet resulted in greater weight gain (P,0·01), and was associated with higher energetic efficiency.
Overweight cats eating the LCHP diet had similar postprandial glucose concentrations to lean cats eating the HCLP diet. Insulin sensitivity
was not different between the diets when cats were lean or overweight, but glucose effectiveness was higher after weight gain in cats fed
the HCLP diet. According to the present results, LCHP diets fed at maintenance requirements might benefit cats with multiple risk factors
for developing diabetes. However, ad libitum feeding of LCHP diets is not recommended as they have higher energetic efficiency and
result in greater weight gain.
Key words: Diet effect: Cats: Glucose and insulin: Weight gain

There are currently a large number of diets available commercially for cats, which vary greatly in nutrient composition.
Cats are strict carnivores and do not metabolise carbohydrates
efficiently(1 – 5). The typical prey diet of cats is low in carbohydrate (,10 % metabolisable energy (ME))(6); however,
most commercially available dry cat foods are moderate to
high in carbohydrate content (. 25 – 55 % ME), partly because
of the difficulty in formulating extruded, dry diets that are
low in carbohydrate, and partly because cereal is a relatively
inexpensive ingredient, and there is demand for lower-cost
diets in the pet food market.
Low-carbohydrate, high-protein (LCHP) diets have been
reported in research abstracts and in a recent publication to
significantly reduce the postprandial increase in blood glucose
concentration compared with high-carbohydrate, low-protein
(HCLP) diets (Farrow HA, Rand JS and Sunvold GD (2002);
Singh R, Rand J and Morton J (2006), unpublished results)(7),
possibly indicating a reduced demand on the b-cells to
produce insulin. A LCHP diet has also been shown to

reduce the need for exogenous insulin administration in
diabetic cats(8). Diabetes in cats is similar to human type 2
diabetes, characterised by decreased insulin secretion and
insulin resistance(9,10), and it has been hypothesised that a
high-carbohydrate diet fed long term potentially might be a
risk factor for the development of diabetes mellitus in cats(11).
Increased body fat mass in cats is associated with decreased
insulin sensitivity and hyperinsulinaemia, and is a known risk
factor for feline diabetes(12,13). In neutered cats, weight gain is
positively correlated with the percentage of dietary fat(14).
Both hyperglycaemia and insulin resistance increase the
demand on the pancreatic b-cells to produce insulin to maintain glucose homeostasis, ultimately predisposing to b-cell
failure and overt diabetes(15). As in humans, healthy cats
demonstrate a range of underlying insulin sensitivities(13).
Cats with insulin sensitivities below a study population
median were found to be at increased risk of developing
impaired glucose tolerance with obesity, and presumably
with sufficient time, or imposition of another risk factor such
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Table 1. Diet analyses, main ingredients, digestibility and energetic
density of each diet
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Table 1. Continued
Diet

Diet
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Variables
Key values (as-fed basis %)
Moisture
Protein
Fat
NFE§
Dietary fibre
Crude fibre
Ash
Arg
Taurine
Lys
Met
Cystine
Hydroxyproline
Linoleic acid
Linolenic acid
n-3
n-6
Ca
P
Na
Cl
K
Mg
Chondroitin sulphate þ
glucosamine
L -Carnitine
Main ingredients
Poultry viscera
Poultry liver
Poultry meal
Turkey meal
Feather meal
Fishmeal
Soya meal
Maize meal
Poultry fat
Soya protein isolate
Wheat
Whole maize
Maize gluten
Barley
Broken rice
Tallow
Taurine
Calcium carbonate
Citric acid
Vitamin mixturek
Mineral mixture{
Beet pulp
Plant fibre
Psyllium seeds
Fish oil
Fructo-oligosaccharides
Vegetable oil
Potassium chloride
Potassium citrate
Green tea and grape extracts
Chondroitin sulphate
Glucosamine chloride
L -Carnitine
Marigold flower extract
Mean apparent digestibility
(DM %)**
Energetic density (ME)
Total (kJ/100 g) (NRC 2006)††
Total (kJ/100 g) (NRC 1985)‡‡

Baseline*

LCHP†

HCLP‡

8·0
28·7
11·0
42·1
7·4
1·8
8·5
1·5
0·1
1·0
0·7
0·5
0·3
2·3
0·2
0·01
0·03
1·3
1·0
0·9
1·1
0·8
0·1
–

7·0
46·0
12·0
22·8
11·0
5·5
6·7
2·4
0·2
2·0
1·2
0·6
0·8
3·1
–
0·7
3·5
0·9
0·9
0·4
1·3
1·0
0·1
0·1

7·3
21·5
11·7
51·0
10·4
2·2
6·3
1·3
0·1
0·9
0·3
0·5
0·3
1·4
0·2
0·01
0·02
1·3
1·1
0·7
1·1
0·8
0·2
–

–

0·01

–

Yes
–
Yes
Yes
–
–
Yes
–
–
–
–
Yes
Yes
–
Yes
Yes
Yes
Yes
Yes
Yes
Yes
–
–
–
–
–
–
Yes
–
–
–
–
–
–
79·3

–
Yes
Yes
–
–
–
–
Yes
Yes
Yes
–
–
Yes
Yes
–
–
Yes
–
–
Yes
Yes
Yes
Yes
Yes
Yes
Yes
Yes
–
Yes
Yes
Yes
Yes
Yes
Yes
79·6

Yes
–
Yes
–
Yes
Yes
Yes
–
–
–
Yes
–
–
–
–
Yes
Yes
–
Yes
Yes
Yes
–
–
–
–
–
–
Yes
–
–
–
–
–
–
79·9

1,518
1,427

1,552
1,434

1550
1,478

Variables
Protein (%)‡‡
Fat (%)‡‡
Carbohydrate (%)‡‡

Baseline*
29
27
43

LCHP†
47
30
23

HCLP‡
21
28
51

LCHP, low carbohydrate, high protein; HCLP, high carbohydrate, low protein;
NFE, nitrogen-free extract; ME, metabolisable energy; NRC, National Research
Council.
* Whiskas Adult with Vita-Bites, Mars Petcare (Raglan, NSW, Australia).
† Royal Canin Diabetic Feline, Royal Canin (Aimargues, France).
‡ Kitekat Krunch, Mars Petcare.
§ NFE ¼ 100 2 (moisture þ protein þ fat þ crude fibre þ ash).
k Included vitamins A, D3, E, thiamin, riboflavin, pantothenic acid, niacin, pyridoxine, folic acid, cyanocobalamin, choline and biotin. Vitamin C was included in the
LCHP diet.
{ Included Ca, P, K, Na, Cl, Mg, and trace elements Fe, Cu, Mn, Zn, I and Se.
** Apparent percentage of DM digestibility ¼ (food ingested (g) 2 faeces produced
(g)) £ 100/food ingested (g), calculated on a DM basis.
†† Calculated using the equation proposed by the NRC(50).
‡‡ Calculated using the modified Atwater factors(51).

as steroid administration, were at increased risk of developing
type 2 diabetes(13).
The effect of dietary macronutrient composition on fasting
and postprandial plasma glucose and insulin concentrations
over 24 h after eating has been inadequately investigated in
cats, and it is not known how diet might affect insulin sensitivity and energetic efficiency for weight gain.
It was hypothesised that compared with a LCHP diet,
feeding a HCLP diet to cats results in higher postprandial
glucose and insulin concentrations, and is associated with
lower insulin sensitivity, but may result in lower weight gain
when fed ad libitum.
The aims of the present study were to compare the effect of
feeding two commercially available diets, LCHP and HCLP
diet, first, in ideal weight, clinically healthy cats and, second,
after 8 weeks of ad libitum feeding to promote weight gain.
Specific variables of interest were dietary effects on insulin
sensitivity, fasting and postprandial plasma glucose and insulin concentrations before and after weight gain, and energetic
efficiency of weight gain.

Materials and methods
Animals
A total of thirty-two neutered, lean, mixed breed cats (sixteen
males, sixteen females) were used in the study. Accurate ages
were unknown, but estimated to be from 2 – 4 years based on
visual and physical examination, including examination of
dentition. Cats were sourced from a municipal pound and
all were rehomed at the end of the study.
Cats were considered healthy based on clinical examination, haematological and serum biochemical profiles, and a
negative feline immunodeficiency virus test (Agen Biomedical
Limited, Brisbane, QLD, Australia). Mean body condition score
was 4·9 (range 4 – 5) on a nine-point body condition
system(16). Mean body weight was 3·31 (SD 0·82) kg. The
study protocol, care and handling of the animals were
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approved by the University of Queensland’s Animal Ethics
Committee under the Animal Welfare Act of the State of
Queensland and the WALTHAM Ethical Review Committee
(approval no. SVS/328/06/ARC). Cats were housed in environmentally enriched rooms for 12 weeks before and during the
study. At 4 weeks before the beginning of the study, cats were
individually housed and allowed at least 4 h of socialisation
and exercise daily.
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Experimental design
Dietary treatments
The present study used commercially available, extruded, dry
diets that complied with the Association of American
Feed Control Officials standards for complete and balanced
feline diets. The following three diets were used in the
study: diet 1 was a ‘washout’ or baseline diet, moderate in
carbohydrate, fat and protein; diet 2 was a LCHP diet; diet 3
was a HCLP diet. A list of ingredients used in each diet is
shown in Table 1. Dietary analysis was performed by an independent laboratory (DTS Food Laboratories, Kensington, VIC,
Australia) accredited by the National Association of Testing
Authorities. Digestibility trials were performed according to
the Association of American Feed Control Officials’ guidelines
by the manufacturers (diets 1 and 3: Mars Petcare, Raglan,
NSW, Australia; diet 2: Royal Canin, Aimargues, France), and
involved six adult cats fed at maintenance energy requirements. The study consisted of three phases (Table 2).
In the baseline phase, all cats were fed the baseline or
‘washout’ diet for 4 weeks, which was moderate in carbohydrate and protein (Table 1), and energy intake was
restricted to maintain the cats’ body weight within 95 –105 %
of their initial weight. Baseline testing was conducted in the
4th week of feeding (Table 2). In the second week of feeding
the baseline diet, food was withheld for 24 h, and a 2 ml
fasting blood sample was collected from the jugular vein,
to determine each cat’s insulin sensitivity status based on the
simple measure of insulin sensitivity, the fasting glucose:
insulin ratio(17). Cats were then paired based on sex, insulin
sensitivity and body weight. Immediately after the baseline
testing in the 4th week, cats within each pair were randomly
allocated to receive either the LCHP diet or the HCLP diet
(Table 1). Random allocation was done by drawing numbers

corresponding to each cat; the first cat of the pair drawn
was allocated the LCHP diet, and its pair was automatically
assigned the HCLP diet.
During the second phase or stable-weight phase (weeks
5 – 8), cats were fed for 4 weeks their respective diets to maintain body weight within 95 – 105 % of their initial weight. Tests
to compare the two test diets were performed in the 4th week
of feeding (8th week of the study; Table 2).
In the third phase or the weight-gain phase (weeks 9 – 16),
cats were fed their respective diets ad libitum for 8 weeks.
In the 9th week (17th week of the study), cats were fed
maintenance energetic requirements, and tests were performed to compare the two diets (Table 2).
Food intake was recorded daily and cats were weighed
weekly for the duration of the study.
Testing protocol
General sampling methods. On day 1 of each test week, cats
were anaesthetised with alfaxalone (Alfaxan-CD RTU; Jurox
Private Limited, Rutherford, NSW, Australia), and a
jugular catheter (Arrow International, Reading, PA, USA) was
placed percutaneously for blood sampling. Catheter patency
was maintained by flushing with a heparinised (Heparin
Injection BP; Mayne Pharma Private Limited, Melbourne, VIC,
Australia) saline solution (20 IU heparin/ml of 0·9 % saline
solution) twice daily. This was followed by a dual-energy
X-ray absorptiometry scan on day 3, an insulin-modified
intravenous glucose tolerance test on day 5 and a 24 h mealfeeding test on day 7. Before each test, cats had food withheld
for 24 h. They were fed immediately after each test was concluded. Packed cell volume was monitored, and there were
no significant differences before and after each metabolic
test, or between tests (data not shown).

Dual-energy X-ray absorptiometry scans
Total and abdominal fat and lean body masses were measured
by dual-energy X-ray absorptiometry with a fan-beam X-ray
bone densitometer, using a small animal protocol (Lunar Prodigy, enCORE GE Lunar software platform, version 9.10.108; GE
Lunar Incorporation, Madison, WI, USA). Cats were anaesthetised with alfaxalone intravenously, to effect. Whole-body
scans were done with cats placed in ventrodorsal recumbency.

Table 2. Timeline of feeding and test weeks

Variables
Group 1
Diet
Feeding regimen
Cats (n)
Group 2
Diet
Feeding regimen
Cats (n)

Baseline-feeding phase
(weeks 1 – 3)

First test week
(week 4)

Stable-weight phase
(weeks 5 – 7)

Second test week
(week 8)

Weight-gain phase
(weeks 9 – 16)

Third test week
(week 17)

B
M
16

B
M
16

LCHP
M
15

LCHP
M
15

LCHP
Ad libitum
15

LCHP
M*
14†

B
M
16

B
M
16

HCLP
M
16

HCLP
M
16

HCLP
Ad libitum
16

HCLP
M*
14

B, baseline; LCHP, low carbohydrate, high protein; M, maintenance; HCLP, high carbohydrate, low protein.
* In the third test week (week 17), cats were fed a restricted amount of food to maintain their weights measured on week 16 within 95–105 %.
† Dual-energy X-ray absorptiometry scans were performed in fifteen cats.
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Insulin-modified frequently sampled intravenous glucose
tolerance test with minimal model analysis
Before sampling, 2 ml of blood were removed to clear the
catheter of saline-diluted blood. After each sample collection,
the saline-diluted blood was re-injected and the catheter
flushed with 1 ml of saline solution and 1 ml of heparinised
saline solution (5 IU heparin/ml of 0·9 % saline solution).
The latter was done only when there were 2 min or more
between sample collections.
The test was conducted as described previously(18), except
that the sample collected at 20 min in that study was collected
at 19 min in the present study. Briefly, four baseline blood
samples were collected before a glucose (Glucose Injection
BP 50 %; Astra Zeneca Proprietary Limited, Sydney, NSW,
Australia) bolus of 0·3 g/kg was administered intravenously,
and twenty-nine blood samples were collected in the subsequent 3 h. At 20 min, 0·05 IU regular human insulin/kg
(Humulin R; Eli Lilly, Sydney, Australia) were injected as a
bolus, intravenously. The computer program Minimal Model
Millennium (MinMod Millennium, version 6.02; MINMOD
Inc., 2001, Los Angeles, CA, USA) was used to determine the
insulin sensitivity index and glucose effectiveness based on
values obtained from plasma glucose and insulin concentrations at each time point(19).

Meal-feeding test
Before sampling, 2 ml of blood were removed to clear the
catheter of saline-diluted blood. After each sample collection,
the saline-diluted blood was re-injected and the catheter
flushed with 1 ml of saline solution and 1 ml of heparinised
saline solution (5 IU heparin/ml of 0·9 % saline solution or
10 IU heparin/ml of 0·9 % saline solution when there were
6 h between blood sampling).
At 30 and 5 min before the meal, two fasting blood samples
were collected. At time 0, a meal consisting of 167 kJ/kg was
fed, and at least 90 % consumed within 30 min. Then, eleven
blood samples were collected in the subsequent 24 h, at 1, 2,
3, 4, 6, 8, 10, 12, 15, 18 and 24 h after the meal was offered.
Immediately after collection, blood samples for glucose and
insulin analyses were placed into sterile tubes containing
EDTA and the proteinase inhibitor aprotinin (Trasylol; Bayer
Limited, Sydney, NSW, Australia) at 0·05 ml/ml of blood
collected. Samples were kept on ice for 10 – 20 min until
centrifuged for 8 min at 1500 g. After centrifugation, plasma
was removed and stored in vials at 2 708C until analysis.
Erythrocyte auto-transfusion was performed during this test,
to maintain erythrocyte mass as described previously(20).
In summary, after plasma was collected, erythrocytes remaining in the EDTA tubes were washed with 0·9 % saline, then
resuspended in saline to the initial volume of blood taken
and auto-transfused.

Sample analyses
Plasma glucose was determined using an enzymatic method
(Hexokinase enzymatic UV; Olympus Diagnostic Systems
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Division, Melville, NY, USA), with mean intra-assay
variability of 0·7 %, at glucose concentration of 3·3 mmol/l,
and 0·5 % at glucose concentrations of 6·3 and 10·4 mmol/l.
Mean inter-assay variability was 1·3, 1·0 and 1·1 %, respectively.
Plasma insulin concentrations were determined by a commercially available RIA kit (Porcine Insulin RIA Kit; Linco
Research, Inc., St Charles, MO, USA). The assay has 100 % specificity for human insulin, and was validated for the detection
of feline insulin. Assay analytical sensitivity was 12·0 pmol/l.
Inter-assay variation was 6·0 and 8·0 % at insulin
concentrations of 44·9 and 204·5 pmol/l, respectively. Intraassay variation was 6·5 %. Specificity was determined by
dilutional parallelism. The standard curves remained parallel
to a dilution of 40·0 %.

Calculations
For the 24 h meal-feeding test, fasting concentrations of
glucose and insulin were estimated as the average of concentrations at 2 30 and 2 5 min. Time from the onset of feeding
to (1) the time to glucose and insulin concentration first
exceed fasting concentration, (2) time to peak concentration
and (3) time to return to fasting concentration was calculated
based on 90 % ranges of differences using the methodology
as described previously(21). For plasma glucose concentration, 90 % ranges of differences were 0·4 and 0·3 mmol/
l, and those for plasma insulin concentration were 13·2 and
10·2 pmol/l in the second and third test weeks, respectively.
Absolute values were used in the calculation of the
90 % ranges of difference for plasma glucose concentration,
and ratios of means were used for plasma insulin
concentration.
The postprandial period for glucose and insulin was defined
as the time from when concentrations first exceeded fasting to
the time to return to fasting concentrations.
Peak concentration was defined as the highest concentration observed after feeding, and was defined only for
cats that exceeded fasting concentrations as described
above.
Mean analyte concentration for 24 h was calculated as 24 h
area under the curve using the trapezoidal method(22), and
then divided by twenty-four.
Energetic efficiency of body-weight gain for the 8 weeks of
ad libitum feeding was calculated for each cat as:
ðTotal energy intake for the 8 weeks of ad libitum feeding
 sum of estimated daily energy requirements for the
8 weeks of ad libitum feedingÞ=body weight gained:
Total energy intake and body weight gained were calculated from the 8 weeks of ad libitum feeding. Cats were
generally weighed weekly. Linear interpolation between
consecutive observed weights was used to estimate body
weight on days when cats were not weighed. Each cat’s
daily energy requirement was then calculated for each day

Downloaded from https://www.cambridge.org/core. IP address: 34.204.203.142, on 22 Nov 2019 at 02:55:58, subject to the Cambridge Core terms of use, available at https://www.cambridge.org/core/terms. https://doi.org/10.1017/S0007114511005046

Effect of commercially available diets in cats

M. Coradini et al.

using the following formula(23,24):
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Daily energy requirement ¼ 151·8 £ ðbody weight ðkgÞÞ0·40
2 87·5:
The constants of 151·8 and 87·5 were determined using
daily energy requirements at the end of the 3rd week of maintenance feeding the baseline or ‘washout’ diet; body weight
was the mean of each cat’s daily weight during the 8 weeks
of ad libitum feeding; the exponent of 0·40 was used because
Earle & Smith(23) found that the daily energetic requirements/kg
body weight decline with higher body weights. The exponent
0·4 removes the effect of weight differences on energy
requirements of adult, intact and neutered colony cats(23).
Energy efficiency estimates were used only for the twentyeight cats that gained greater than 10 % body weight, as
smaller weight gains would have been prone to greater
measurement error, since an absolute error when measuring
body weight equates to a much larger error when calculating
energetic efficiency of body-weight gain if the actual body
weight change is small.
Similarly, only cats that gained greater than 10 % body
weight were used in the calculation of the percentage of
weight gain that was accounted for by each of total and
abdominal fat gain. The percentages of weight gain that was
accounted for by each of total and abdominal fat gain were
calculated as the change in total and abdominal fat masses,
respectively, multiplied by 100 and divided by the change in
weight from before to after weight gain.

Exclusions
In the stable-weight phase, one cat was excluded from the
study in the second test week (week 8) because a catheter
could not be placed in its jugular vein. Therefore, data from
the stable-weight phase were analysed for fifteen of the
sixteen cats enrolled in the LCHP group, and all sixteen cats
enrolled in the HCLP group (Table 2).
During the weight-gain phase, one cat in the LCHP group
was not blood sampled because a jugular catheter could not
be inserted. Of the cats enrolled in the HCLP group, two
were removed from the study at weeks 13 and 16 due to
signs (diarrhoea) that indicated dietary intolerance. Data
related to body weight, food and energy intake from these
cats were included in statistical analyses, also data related to
energetic efficiency of weight gain were included for the
one of these two cats that had gained at least 10 % in body
weight by the time it was removed from the study. During
the third test week (week 17), dual-energy X-ray absorptiometry scans were performed in fifteen of the sixteen cats in the
LCHP group and in fourteen of the sixteen cats in the HCLP
group, and blood was collected from fourteen cats in each
dietary group (Table 2).
Data from three cats fed the HCLP diet were not included in
the calculation of energetic efficiency, because these cats
gained less than 10 % in body weight during the ad libitumfeeding phase (refer to the section Materials and methods,
Calculations).

Statistical analyses
Data were analysed using SigmaStat Version 3.0 (SPSS Incorporation, Chicago, IL, USA) and Stata Version 9.2 (StataCorp
LP, College Station, TX, USA). The effects of diet on fasting,
peak and mean concentrations of plasma glucose and insulin,
on insulin sensitivity and glucose effectiveness were assessed
using linear regression with pair fitted as a fixed effect.
The individual cat was the unit of analysis. Mean glucose
and insulin concentrations were compared between cats
fed the LCHP and HCLP diets using linear regression. After
inspection of distributions of dependent variables, all were
log (base e)-transformed before analysis to better satisfy the
assumptions behind linear regression. After such transformation, exponentiated b-coefficients for diet from the linear
regression models can be interpreted as ratios of geometric
means for the two diets.
Comparison between the amount of energy required to
maintain body weight between the two test diets during
the stable-weight phase was done using linear regression
with diet and pair fitted as a fixed effect, without log
transformation.
Food and energy intake, and energetic efficiency for weight
gain were compared between the diets during the weight-gain
phase using linear regression with pair fitted as a fixed effect
without log transformation.
Times to first exceeding fasting concentration, times to peak
concentration and times to return to fasting concentration
for plasma glucose and insulin were compared between the
dietary groups using log-rank tests for the equality of
Kaplan – Meier survival functions. The individual cat was the
unit of analysis. Times to return to fasting concentration
were compared only using cats that had exceeding fasting
concentration for the same analyte. Times to first exceeding
fasting concentration were right-censored at 24 h for cats not
exceeding fasting concentration; similarly, times to peak and
to return to fasting concentration were right-censored at 24 h
if peak concentration was not reached, or if concentration
did not return to fasting, respectively. Distributions were
also compared using Cox, Wilcoxon, Tarone– Ware and
Peto-Peto-Prentice tests(25). P values obtained were similar to
those for the log-rank test, and are not reported.
Effects of weight gain on fasting, peak, and mean concentrations of plasma glucose and insulin were assessed by
comparing these in cats at the end of the stable-weight phase
(when cats were lean) with after the weight-gain phase
(when cats were overweight) using linear regression with
cat sampling as the unit of analysis, and with body weight
status (lean or overweight), diet and cat fitted as fixed effects.
Cat was fitted as a fixed effect to account for clustering of
residuals due to the repeated measures within cat. Interactions
between diet and body weight status were fitted and retained
if appropriate. Data were log (base e)-transformed before
analysis.
Body weight, lean and fat masses were compared between
the ends of the stable-weight (week 8) and weight-gain phases
(week 17) using linear regression with cat period as the unit
of analysis, and with phase (stable-weight or weight-gain),
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than 5 % from initial body weight for any cat at any stage, and
mean body weights were similar (3·4 and 3·2 kg) in the dietary
groups at the end of the stable-weight phase (Table 3).
After 8 weeks of ad libitum feeding, mean body weight
increase was 37 (range 13 – 57) % with the LCHP diet and 17
(range 2 0·8– 36) % with the HCLP diet (Table 3). Increases
for cats in the LCHP group were greater than for cats in
the HCLP group; P values for interactions in body weight,
total fat, abdominal fat and total lean mass between phase
(end of stable-weight or end of weight-gain) and diet were
, 0·01 (Table 3). Body condition scores were on average
6·3/9 for the LCHP group (range 5 –7/9), and 5·8/9 for the
HCLP group (range 5 – 7/9).
Of the weight gained in the LCHP group, total fat mass
accounted for the majority (61 (SD 14·63)) %, of which
more than one-quarter was abdominal fat (equating to 17

diet and cat fitted as fixed effects, without log transformation.
Interactions between diet and test phase were fitted and
retained if appropriate.

Results
Baseline phase
For all variables measured, mean values were similar between
the groups at the end of the baseline phase, after cats were fed
for 4 weeks a moderate-carbohydrate baseline or ‘washout’
diet at maintenance energetic requirements (data not shown).

Body weight, fat and lean masses
During feeding at maintenance energy requirements (baseline
and stable-weight phases), body weights did not vary by more
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Table 3. Body weight, total and abdominal fat and lean masses measured at the beginning and at the end of the stable-weight phase, and at the end
of the weight-gain phase, after 8 weeks of ad libitum feeding
(Mean values, percentages, standard deviations and 95 % confidence intervals)
LCHP (n 15)
Variables
Body weight
Stable-weight phase
Beginning (week 4)
Stable-weight phase
End (week 8)
Weight-gain phase
End (week 17)
Change
Range
Total body fat
Stable-weight phase
Beginning (week 4)
Stable-weight phase
End (week 8)
Weight-gain phase
End (week 17)
Change
Range
Abdominal fat
Stable-weight phase
Beginning (week 4)
Stable-weight phase
End (week 8)
Weight-gain phase
End (week 17)
Change
Range
Total lean mass
Stable-weight phase
Beginning (week 4)
Stable-weight phase
End (week 8)
Weight-gain phase
End (week 17)
Change
Range

Mean (kg)

%*

HCLP (n 16)

SD

Mean (kg)

%*

SD

3·36§

0·76

3·23

0·83

3·44

0·73

3·18

0·76

4·65
1·22

0·88
0·37

3·68
0·50

0·73
0·28

1·04 – 1·39

19

0·20

0·60

20

0·18

0·57

18

0·18

0·54k

19

0·15

0·31
0·26

0·85k
0·31k

31
13
0·63 – 0·86

26
7
0·19 – 0·43

0·16
0·17

0·15§

5

0·08

0·15

5

0·05

0·13

4

0·05

0·12k

4

0·04

0·10
0·08

0·20k
0·09k

2·57§

0·69

2·41

0·67

2·67

0·66

2·32k

0·61

2·90
0·22

0·65
0·18

2·39k
0·06k

0·55
0·12

0·34
0·21

7
3
0·17 – 0·24

0·14 – 0·31

Difference‡
(LCHP relative to HCLP)

95 % CI

, 0·01

0·71

0·48, 0·96

, 0·01

0·43

0·26, 0·59

, 0·01

0·12

0·07, 0·17

, 0·01

0·16

0·04, 0·28

0·33 – 0·66

0·57§

1·31
0·74

P†

6
2
0·05 – 0·12

0·05
0·04

2 0·02 – 0·15

LCHP, low carbohydrate, high protein; HCLP, high carbohydrate, low protein.
* Percentages calculated in relation to total body mass.
† P value for interaction between lean/overweight and diet.
‡ Estimate for the interaction term, i.e. estimated difference in change from lean to overweight between the diets.
§ n 16.
k n 14.
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19·9 – 74·5
74·9 – 175·0
43·4 – 121·6
1·02 – 5·11
0·02 – 0·04
14·2
31·0
21·2
1·35
0·01
33·2
109·6‡
68·1
2·13
0·02

4·6 – 5·6
5·5 – 8·2
5·0 – 5·9
0·3
0·7
0·3
5·0
6·1‡
5·4

Glucose (mmol/l)
Fasting
Peak
Mean
Insulin (pmol/l)
Fasting
Peak
Mean
Insulin sensitivity ((m/l)21 min21)
Glucose effectiveness (min21)

Range
SD

Mean†
Variables

LCHP, low carbohydrate, high protein; HCLP, high carbohydrate, low protein.
* Ratio of means (LCHP:HCLP), adjusted for pair.
† Concentrations are reported as geometric means. Values have been reported only for cats from pairs in which both cats were tested; within each pair, one cat was allocated to each dietary group.
‡ Excluding cats (n 13) whose concentrations did not increase significantly above fasting during the 24 h meal-feeding test.

0·60, 1·23
0·43, 0·82
0·56, 0·96
0·54, 1·29
0·85, 1·21
0·86
0·60
0·73
0·83
1·02
0·37
, 0·01
0·03
0·39
0·85
17·2 – 159·8
77·7 – 391·2
46·6 – 227·0
0·70 – 5·35
0·01 – 0·03
36·1
90·6
58·0
1·34
0·01
38·7
173·8
92·8
2·56
0·02

0·91, 1·03
0·69, 0·93
0·77, 0·94
0·97
0·80
0·85
0·29
0·01
, 0·01
4·4 – 7·3
5·4 – 10·8
5·1 – 8·7
0·7
1·6
1·1
5·2
7·6
6·3

95 % CI
Ratio of means
(LCHP:HCLP)*
P
Range
SD

Mean†

HCLP (n 15)
LCHP (n 15)

Stable-weight phase. After eating the test diets fed to maintain body weight for 3 weeks, fasting glucose concentration
did not differ significantly between the dietary groups
(P¼0·29). However, peak concentration was 24 % or
1·5 mmol/l higher (P¼0·01) and mean concentration was
17 % or 0·9 mmol/l higher (P, 0·01) in cats fed the HCLP
diet compared with those fed the LCHP diet (Table 4;
Fig. 1(a)). Glucose concentration in two of the fifteen cats
(13 %) in the LCHP group did not increase above fasting
after the meal, and four of the sixteen cats (25 %) in the
HCLP group had not returned to fasting concentration
by the end of the meal-feeding test at 24 h (Table 5).
The median times to exceed fasting, to peak and to return
to fasting concentration did not differ significantly between
the dietary groups (P$0·08; Table 5).
Weight-gain phase. After cats had been fed ad libitum for
8 weeks, mean fasting glucose concentration was 7 % or
0·4 mmol/l lower in cats fed the HCLP diet (P¼0·01), mean
peak concentration was 27 % or 2·0 mmol/l higher (P¼ 0·01)
and mean concentration over 24 h was 11 % or 0·64 mmol/l
higher (P¼ 0·08) compared with cats fed the LCHP diet
(Table 6; Fig. 1(b)). Whereas glucose had returned to fasting
concentration by the end of the meal-feeding test in all cats
in the HCLP group, in four of the fourteen cats (28 %) in the
LCHP group, it was still significantly above fasting by the
end of the 24 h test (Table 7). The increase in glucose concentration after eating occurred earlier in cats fed the HCLP diet
than in cats fed the LCHP diet (P¼0·01; Table 7). Median
times to peak and times to return to fasting concentration
did not differ significantly between the dietary groups
(P$0·74; Table 7).
Effects of weight gain on plasma glucose concentration
(comparison between the end of the stable-weight phase
and the end of the weight-gain phase). Compared with
when cats were lean at the end of the stable-weight phase,
24 h mean glucose concentration increased significantly after
a mean weight gain of 37 % in cats consuming the LCHP
diet, but did not increase significantly after a mean weight
gain of 17 % in cats fed the HCLP diet (Tables 4 and 6;
Fig. 1(a) and (b)).
Compared with when cats were lean, after weight gain,
mean fasting concentration was 0·1 mmol/l higher in cats fed
the LCHP diet and 0·4 mmol/l lower in cats fed the HCLP
diet. This change in fasting glucose concentration from
when cats were lean to when they were overweight was NS
for cats fed the LCHP diet (estimated change 2 %; 95 % CI
2 4, 9 %; P¼ 0·44), but was significant after weight gain in
cats fed the HCLP diet (estimated change 8 % lower; 95 % CI
2, 13 % lower; P¼0·01; significance of interaction P¼0·02).
Peak glucose concentration was significantly higher after

Diet

British Journal of Nutrition

Effects of diet on plasma glucose concentration

(Mean values, standard deviations, ranges and 95 % confidence intervals)

(SD 4·36) % of body weight gained). Similarly, most (55
(SD 12·62)) % of the weight gained in the HCLP group was
due to total fat, of which more than one-quarter was abdominal fat (equating to 15 (SD 5·93) % of body weight gained;
Table 3).

Table 4. Fasting, peak and mean concentrations of plasma glucose and insulin during a 24 h meal-feeding test, insulin sensitivity and glucose effectiveness based on the minimal model analysis
of the insulin-modified intravenous glucose tolerance test at the end of the stable-weight phase, after lean cats had been fed a low carbohydrate, high protein or high carbohydrate, low protein diet
maintaining their body weight for 3 weeks

M. Coradini et al.
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Fig. 1. Comparison of the changes in plasma glucose concentration in the low carbohydrate, high protein (X) and high carbohydrate, low protein (W) dietary
groups before and after weight gain. (a) End of stable-weight phase and (b) end of weight-gain phase. Values are means, with standard errors of the mean
represented by vertical bars.

weight gain relative to when cats were lean in both dietary
groups. Peak glucose increased by 1·2 mmol/l (estimated
change 18 %; 95 % CI 10, 28 %; P,0·01). There was no
evidence of interaction between phase (end of stable-weight
or end of weight-gain) and diet (P for interaction¼0·99).
Compared with when cats were lean, mean glucose concentration was 11 % or 0·6 mmol/l higher after a mean weight
gain of 37 % in cats fed the LCHP diet (95 % CI 5, 18 %;
P, 0·01), but did not change significantly with a mean
weight gain of 17 % in cats fed the HCLP diet (mean glucose
concentration 0·2 mmol/l lower; estimated change 3 %; 95 %
CI 23, 9 %; P¼0·36). The P value for the interaction term
was 0·05.
In lean cats fed the HCLP diet, mean plasma glucose concentration over 24 h did not differ significantly from cats fed
the LCHP diet at the end of the weight-gain phase, which
had gained an average of 37 % body weight (Fig. 1(a) and

(b)). The estimated percentage difference between lean cats
fed the HCLP diet relative to cats after weight gain in the ad
libitum-feeding phase that were fed the LCHP diet was 5 %
higher (95 % CI 2 4, 16 %; P¼0·20).

Effects of diet on plasma insulin concentration
Stable-weight phase. Similar to glucose, fasting insulin concentration did not differ between the dietary groups after
eating their respective diets, maintaining a lean body weight
(P¼ 0·37). Peak concentration was 59 % or 64·1 pmol/l higher
(P, 0·01) and mean concentration was 36 % or 24·7 pmol/l
higher (P¼ 0·03) in cats fed the HCLP diet compared with
cats fed the LCHP diet (Table 4; Fig. 2(a)). Plasma insulin concentration in two of the fifteen cats in the LCHP group (13 %)
did not increase above fasting in the postprandial period
(Tables 4 and 5).

Table 5. Times (h) to exceed fasting concentration, times to peak and times to return to fasting concentration for plasma glucose and insulin during
the 24 h meal-feeding test at the end of the stable-weight phase, after lean cats had been fed either the low carbohydrate, high protein or the high
carbohydrate, low protein diet maintaining their body weight for 3 weeks
(25th percentiles, median values, 75th percentiles)
LCHP (n 15)
Variables
Glucose
First time to exceed fasting concentration
Time to peak
Time to return to fasting concentration*
Insulin
First time to exceed fasting concentration
Time to peak
Time to return to fasting concentrations*

HCLP (n 16)

25 %

Median

75 %

25 %

Median

75 %

P for difference
between the groups

1·9
6·0
11·4

3·3
8·0
17·6

4·5
10·0
19·5

1·5
6·0
15·8

1·8
10·0
19·8

3·6
15·8
–†

0·08
0·83
0·18

0·6
1·0
3·0

0·7
4·0
8·1

0·9
8·0
15·5

1·0
2·8
9·5

1·5
5·0
12·8

2·1
8·0
18·2

0·37
0·29
0·38

LCHP, low carbohydrate, high protein; HCLP, high carbohydrate, low protein.
* Calculated only for the thirteen cats in the LCHP group and the sixteen cats in the HCLP group whose concentrations increased significantly above fasting during the 24 h
meal-feeding test.
† Could not be calculated as not more than 75 % of cats had returned to fasting concentration by the end of observations at 24 h.
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Table 6. Fasting, peak and mean concentrations of plasma glucose and insulin during a 24 h meal-feeding test, insulin sensitivity and glucose effectiveness based on the minimal model analysis of the insulin-modified intravenous glucose tolerance test at the end of the weight-gain phase, after cats had
been fed a low carbohydrate, high protein or high carbohydrate, low protein diet ad libitum for 8 weeks
(Mean values, standard deviations, ranges and 95 % confidence intervals)
Diet
LCHP (n 12)
Variables

British Journal of Nutrition

Glucose (mmol/l)
Fasting
Peak
Mean
Insulin (pmol/l)
Fasting
Peak
Mean
Insulin sensitivity ((mU/l)21 min21)
Glucose effectiveness (min21)

Mean†

HCLP (n 12)

SD

Range

Mean†

5·2
7·2
6·0

0·3
1·3
0·6

4·6 – 5·6
5·6 – 9·9
5·1 – 7·0

4·8
9·2
6·6

44·5
175·1
97·7
2·54
0·02

13·1
44·2
18·4
1·37
0·01

25·6 – 69·1
134·6 – 289·9
71·0 – 145·5
1·13 – 5·64
0 – 0·03

32·2
176·8
93·8
2·41
0·03

Range

P

Ratio of means
(LCHP:HCLP)*

95 % CI

0·4
1·9
1·0

4·2 – 6·0
6·6 – 13·4
5·3 – 9·0

0·01
0·01
0·08

1·07
0·79
0·90

1·03, 1·12
0·67, 0·93
0·80, 1·02

15·5
65·3
44·6
1·77
0·01

13·7 – 71·6
105·2 – 328·9
59·2 – 207·5
0·56 – 5·29
0·01 – 0·05

0·12
0·94
0·79
0·84
0·04

1·38
0·99
1·04
1·05
0·63

0·91, 2·10
0·74, 1·32
0·75, 1·45
0·62, 1·77
0·41, 0·98

SD

LCHP, low carbohydrate, high protein; HCLP, high carbohydrate, low protein.
* Ratio of means (LCHP:HCLP), adjusted for pair.
† Concentrations are reported as geometric means. Values have been reported only for cats from pairs in which both cats were tested; within each pair, one cat was allocated
to each dietary group.

Weight-gain phase. After cats had been fed ad libitum for
8 weeks, fasting, peak and mean plasma insulin concentrations were not significantly different between the two dietary groups (P$ 0·12; Table 6; Fig. 2(b)). Similarly, the median
times to exceed fasting, to peak and to return to fasting concentrations were not significantly different between the
groups (P$0·30; Table 7; Fig. 2(b)).
Effects of weight gain on plasma insulin concentration
(comparison between the end of the stable-weight phase
and the end of the weight-gain phase). In general, compared with when cats were lean at the end of the stableweight phase, fasting, peak and mean insulin concentrations
increased significantly after a mean weight gain of 37 % in
cats consuming the LCHP diet, but did not increase significantly after a mean weight gain of 17 % in cats fed the HCLP
diet (Tables 4 and 6; Fig. 2(a) and (b)).
Fasting insulin concentration increased 43 % or 13·8 pmol/l
after weight gain in cats fed the LCHP diet (95 % CI 15,
79 %; P, 0·01) and was 22 % or 8·4 pmol/l lower after weight

gain in cats fed the HCLP diet (95 % CI 2, 37 % lower;
P¼0·03; significance of interaction P, 0·01). Peak insulin concentration was 48 % or 64·2 pmol/l higher after weight gain
in cats fed the LCHP diet (95 % CI 24, 78 %; P, 0·01), but
did not change significantly (mean peak was 0·6 pmol/l
lower) after weight gain in cats fed the HCLP diet (estimated
change 0 %; 95 % CI 2 16, 18 %; P¼ 0·96; significance of
interaction P,0·01). Mean insulin concentration increased
46 % or 31·2 pmol/l after weight gain in cats fed the LCHP
diet (95 % CI 25, 71 %; P,0·01), but did not change significantly (mean concentration was 2·4 pmol/l lower) with
weight gain in cats fed the HCLP diet (estimated change 2 %;
95 % CI 217, 15 %; P¼ 0·77; significance of interaction
P,0·01).
Although mean insulin concentration increased 46 % with
an average of 37 % weight gain in cats fed the LCHP diet,
the HCLP diet in lean cats resulted in similar mean plasma
insulin concentration compared with cats fed the LCHP diet
after weight gain (Tables 4 and 6; Fig. 2(a) and (b)). Estimated

Table 7. Times to exceed fasting concentration, times to peak and times to return to fasting concentration for plasma glucose and insulin during
the 24 h meal-feeding test at the end of the weight-gain phase, after cats had been fed the low carbohydrate, high protein or the high carbohydrate, low
protein diet ad libitum for 8 weeks
(25th percentiles, median values, 75th percentiles)
LCHP (n 14)
Variables
Glucose
First time to exceed fasting concentration
Time to peak
Time to return to fasting concentration
Insulin
First time to exceed fasting concentration
Time to peak
Time to return to fasting concentration

HCLP (n 14)

25 %

Median

75 %

25 %

Median

75 %

P for difference
between the groups

0·80
6·5
10·4

1·8
8·0
16·6

2·8
10·0
–*

0·40
6·0
14·2

0·70
9·0
17·1

1·5
12·0
18·6

0·01
0·85
0·74

0·3
1·0
9·6

0·6
4·0
14·1

0·6
8·0
17·5

0·2
6·0
13·1

0·3
8·0
16·4

1·5
12·0
18·5

0·30
0·08
0·70

LCHP, low carbohydrate, high protein; HCLP, high carbohydrate, low protein.
* Could not be calculated as not more than 75 % of cats had returned to fasting concentration by the end of observations at 24 h.
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Fig. 2. Comparison of the changes in plasma insulin concentration in the low carbohydrate, high protein (X) and high carbohydrate, low protein (W) dietary groups
before and after weight gain. (a) End of stable-weight phase and (b) end of weight-gain phase. Values are means, with standard errors of the mean represented
by vertical bars.

percentage difference in lean cats fed the HCLP diet relative to
cats after 37 % mean weigh gain fed the LCHP diet was 5 %
lower (95 % CI 2 29, 26 %; P¼0·70).

Effects of diet on insulin sensitivity and glucose
effectiveness
Insulin sensitivity did not differ significantly between the diets
either when cats were lean (P¼0·39) or after weight gain
(P¼0·84; Tables 4 and 6). Insulin sensitivity did not change
significantly with weight gain (P¼ 0·90), and there was no
significant interaction between phase and diet (P¼0·23).
There was no significant difference in glucose effectiveness
between the diets when cats were lean (P¼ 0·85); however,
glucose effectiveness was significantly higher after weight
gain in cats fed the HCLP diet compared with cats fed the
LCHP diet (P¼0·04; Tables 4 and 6). Glucose effectiveness
increased significantly with weight gain (P¼0·03). There was
no significant interaction between phase and diet (P¼0·77).

Energetic efficiency of weight gain
The amount of energy required to maintain the body weight
within 95 – 105 % of initial weight during the stable-weight
phase was significantly less for cats fed the LCHP diet compared with cats fed the HCLP diet. Cats fed the LCHP diet
ate on average 2·24 g less of food/kg body weight per d
than cats fed the HCLP diet (95 % CI 0·39, 4·09; P¼0·02),
equivalent to 41·8 kJ/kg body weight per d less energy (95 %
CI 16·0, 67·6; P, 0·01). Energy intake averaged 178·1 kJ/kg
body weight per d for the LCHP diet and 220·2 kJ/kg body
weight per d for the HCLP diet.
In the weight-gain phase of the study, over 8 weeks of
ad libitum feeding, the average food and energy intakes
were similar in both groups. Food and energy intakes were
24 g/kg per d and 318 kJ/kg per d in the LCHP group, and
25 g/kg per d and 346 kJ/kg per d in the HCLP group of
cats. Cats fed the LCHP diet ate on average 0·73 g of food
less/kg body weight per d than cats fed the HCLP diet, a

difference which was not significant (95 % CI 2 3·39, 4·86;
P¼0·71). Similarly, cats fed the LCHP diet consumed on average 31·8 kJ/kg body weight per d less than cats fed the HCLP
diet (95 % CI 2 26·30, 89·84; P¼ 0·26).
The LCHP diet resulted in greater energetic efficiency for
body-weight gain: mean values were 52 845 kJ/kg weight
gain v. 100 377 kJ/kg weight gain for the LCHP and HCLP
diets, respectively. Cats fed the LCHP diet required on average
34 696 kJ less to gain 1 kg in body weight than cats fed the
HCLP diet (95 % CI 19 663, 49 728; P,0·01).
During the weight-gain phase, when food intake increased
by 57 %, thirteen out of the sixteen cats (81 %) fed the HCLP
diet developed diarrhoea. Faecal tests of some cats for parasites and potentially pathogenic bacteria were negative, and
the diarrhoea did not resolve despite feeding a new batch of
food and changing the source of protein from poultry to
beef. Of these cats with diarrhoea, two cats that had constant
watery diarrhoea were removed from the study. In all cats
with diarrhoea, including the cats that were removed from
the study, the diarrhoea resolved within 24 h after commencement of feeding the LCHP diet ad libitum.

Discussion
Based on the present results, there were a number of noteworthy findings. First, when fed ad libitum, a LCHP diet
resulted in greater weight gain than a HCLP diet. This is in
agreement with a previous study that evaluated the effect
on weight gain in gonadectomised cats of low- and highcarbohydrate diets with similar amounts of protein and
varying in fat content. In that study, weight gain after 17
weeks of ad libitum feeding was significantly higher in cats
fed diets lower in carbohydrate (3 and 22 % ME) and higher
in fat (64 and 44 % ME, respectively) compared with cats fed
diets with high (57 % ME) and moderate (41 % ME) carbohydrate content and lower in fat (9 and 25 % ME, respectively)(14). In fact, weight gain increased linearly with dietary
fat content (% ME)(14). However, the lowest carbohydrate
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diet had 90 % greater energy density than the highest, confounding the findings. The energy densities of the diets used
in the present study were similar. Therefore, the present
results increase confidence that when fed ad libitum, LCHP
diets result in greater weight gain compared with HCLP
diets, even when diets are of comparable energy density.
We hypothesise that the lower weight gain associated with
the HCLP diet might result from several factors. First, although
the energy densities were similar, the proportion of energy
from fat was slightly lower in the HCLP diet (28 v. 30 % ME).
Second, cats are reported to limit their carbohydrate intake,
and this ‘ceiling’ effect on carbohydrate intake might have
limited body-weight gain in our high-carbohydrate-fed
cats(26). However, in the ad libitum phase, the cats in the
present study consumed amounts of carbohydrate twice that
reported for the carbohydrate ceiling in cats (mean 624 v.
300 kJ/d). It is possible that this higher carbohydrate intake
in our cats reflects a longer adaptation period (12 weeks in
the present study v. 1 week in the reported study) and/or
the need to meet minimum protein requirements. A third
hypothesis for the lower weight gain is that the energy bioavailability of the HCLP diet was substantially less than that
of the LCHP diet. Loose stools were observed in the majority
of cats given the HCLP diet during the weight-gain phase,
and this might indicate there was fermentation of substrate
that otherwise should have been available for absorption
and utilisation of energy.
An important finding from the study was that the greater
weight gain occurred because of greater energy efficiency
associated with the LCHP diet. Cats eating the LCHP diet
required significantly less energy (kJ/kg) to maintain their
body weight when fed at maintenance energy requirements,
and their energetic efficiency for body-weight gain was
higher. The finding that when fed ad libitum, cats in the
LCHP group consumed a similar amount of energy/kg body
weight per d to cats eating the HCLP diet, but gained more
weight, is in contrast to findings in human subjects where
LCHP diets (Atkins diets) are associated with reduced
energy intake and subsequently greater weight loss than
high-carbohydrate diets(27). The findings in the present study
are unlikely to be the result of marginal protein content in
the HCLP diet because lean mass as measured by dualenergy X-ray absorptiometry did not change significantly
from baseline at any time point over the 3 months (mean
total lean mass was 2·4 kg before and after consuming the
HCLP diet for 12 weeks).
Notably in the present study, 81 % of cats fed the HCLP diet
ad libitum developed diarrhoea, suggesting that feeding
excessive quantities of starch is not well tolerated in cats.
Dietary carbohydrate has been reported to cause gastrointestinal disturbances in cats due to its osmotic effect if the amount
eaten exceeds the digestive capacity of the small intestine(3,28),
which has been reported to occur when carbohydrate content
exceeds 40 % on a DM basis(29). The National Research
Council (USA) considers the adverse effects of carbohydrate
in cats to include loose stools, elevated faecal water content
and frequent defaecation(30). The findings in the present
study are consistent with faecal quality data provided by the

manufacturer from a digestibility trial following the Association of American Feed Control Officials’ guidelines using
the same high-carbohydrate diet used in the present study.
At maintenance energy requirements, six adult cats (aged
1 – 8 years) were fed the HCLP diet and consumed 97 % of
the amount offered. Faecal quality was poor based on
37·5 % unacceptable faeces, consisting of loose stools and
diarrhoea with only 2·8 % ideal faeces. The carbohydrate
source of the HCLP diet used in the present study was
mainly wheat starch. However, it is unlikely that the wheat
contributed to diarrhoea, because faecal quality data provided
by the manufacturer for the same diet as the baseline diet
(carbohydrate 37 % ME), but with wheat as the carbohydrate
source, were associated with 0 % of unacceptable faeces.
As both diets in the present study had very similar apparent
digestibility scores, poor total digestibility of the HCLP diet
does not explain the diarrhoea. However, it should be noted
that apparent digestibility measures total intestinal tract digestibility and represents the combination of starch digested
by mammalian enzymes and digestion of undigested starch
in the colon by bacteria.
Previous studies have shown that cats are not adapted
to use carbohydrate efficiently as a source of energy(28).
Cats lack salivary amylase(31) and have low activity of intestinal enzymes that break down carbohydrates, such as intestinal
amylase, and disaccharidases(2,4,32). When fed at maintenance
energy requirements, the HCLP diet did not cause diarrhoea;
intolerance was only clinically evident during ad libitum feeding when the amount of carbohydrate eaten daily increased
by 57 %. The resultant diarrhoea has been reported to be
generally associated with the low activity of primary or secondary disaccharidases in cats(29). Clinically, this may only
be seen in cats being fed a high-carbohydrate diet and
eating to excess during a rapid weight-gain phase, for
example after neutering or in a newly adopted underweight
cat, and would be expected to resolve over time as food
intake stabilises towards maintenance levels.
A second finding is that most of the additional energy consumed by cats in both dietary groups during the ad libitum
feeding resulted in increased fat deposition, which was
predominantly external to the abdomen and presumably
subcutaneous fat. This is in agreement with a previous study
that evaluated the effect of diets of different composition on
fat mass in gonadectomised cats(33). In the present study,
total lean mass also increased with weight gain in the LCHP
group. The increase in lean mass occurred in smaller
proportion relative to the proportional increase in fat mass,
which is in agreement with previous findings in human
subjects that fat mass and lean mass change in the same direction as weight changes, with fat mass being more responsive
to weight change than lean mass(34,35)
Third, in contrast to the adverse effects on body weight of
feeding a LCHP diet ad libitum, if fed at maintenance
energy requirements, a LCHP diet might be beneficial for
cats with a combination of risk factors for diabetes such as
aged, obese, male cats, because of the smaller increase
in plasma glucose and insulin concentrations after a meal
compared with cats fed a HCLP diet. The present results
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demonstrated that in lean cats, the LCHP diet results in
lower mean and peak glucose and insulin concentrations for
at least 18 h after eating compared with the HCLP diet.
This is in agreement with results from a recent study in cats
fed a diet with 41 g/100 g carbohydrate compared with diets
with lower amounts of carbohydrate (31 and 21 g/100 g)(7).
Nevertheless, in the present study, to maintain the energy
content of the diets when the carbohydrate content of
the diet was changed, a compensatory change in protein
was made. The observed effects on postprandial plasma glucose and insulin concentrations could be due to changes
in protein content, because amino acids stimulate insulin
secretion and are a substrate for gluconeogenesis(36,37).
However, results from studies in human subjects, cats and
dogs indicate that carbohydrates are the principal nutrients
involved in the postprandial changes in plasma glucose and
insulin(7,38,39).
Carbohydrate source might have had some influence on
postprandial glucose and insulin concentrations in the present
study. The difference between rice and maize/sorghum as
carbohydrate sources has been previously shown to have
only minor effects on postprandial blood glucose concentration, compared with the marked effect resulting from
differences in the total amount of carbohydrate (Farrow HA,
Rand JS and Sunvold GD (2002), unpublished results)(7,40).
However, a recent study of novel carbohydrate sources such
as lentil and cassava flour demonstrated that the glucose
and insulin increase after eating is minimum compared with
corn(41), which was the carbohydrate source used in the
LCHP diet in the present study. The HCLP diet used in the present study had wheat as the carbohydrate source, and there
are no data in cats demonstrating the glycaemic response to
wheat. It is possible that wheat results in a higher postprandial
glycaemic response than maize and that might also have contributed to the magnitude of increase in glucose and insulin in
the HCLP diet.
A fourth finding was that after an average weight gain of
37 %, cats eating the LCHP diet had a similar mean glucose
concentration over 24 h as lean cats eating the HCLP diet.
This suggests that a HCLP diet produces similar adverse effects
on mean postprandial glucose concentrations to the effects of
a substantial short-term weight gain. Of more concern with
respect to the potential to predispose to diabetes, the HCLP
diet in lean cats resulted in similar mean plasma insulin
concentration for at least 15 h after eating compared with
the postprandial increase in insulin concentration associated
with a mean 37 % weight gain in cats eating a LCHP diet.
Chronic hyperglycaemia increases the demand on the b-cells
to secrete insulin, and chronic hyperinsulinaemia is associated
with eventual b-cell failure and type 2 diabetes(15) The International Diabetes Federation defines postprandial hyperglycaemia in humans as a plasma glucose concentration of
greater than 7·8 mmol/l(42), and individual cats in the present
study fed the HCLP diet had mean glucose concentrations
above this level. This suggests that if fed long-term, highcarbohydrate diets could potentially predispose to type 2
diabetes in susceptible cats, that is, cats with underlying low
insulin sensitivity, for example aged, obese or Burmese cats,
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or those with underlying loss of b-cells from islet amyloid
deposition.
In a study of feline patients in the UK, consumption of wet
diets (lower in carbohydrate) and dry diets (higher in carbohydrate) were both associated with greater risk for diabetes
compared with a mixed diet containing both wet and dry
foods(43). Cats fed wet diets were three times more likely to
develop diabetes than cats fed mixed diets; cats fed dry
diets had two times the risk. This is consistent with the findings from the present study, because both weight gain and
consumption of a HCLP diet were associated with higher
mean glucose and insulin concentrations over 24 h compared
with glucose and insulin concentrations in lean cats fed the
LCHP diet. Based on the results of the UK study, it has been
suggested that the adverse effects of obesity resulting from
ad libitum feeding of low-carbohydrate diets (higher in fat)
and the adverse effects of chronically higher demand for insulin secretion resulting from feeding high-carbohydrate diets
both predispose to diabetes, with the obesity-potentiating
effect posing greater risk. To further investigate the role
of diet in predisposing to feline diabetes, additional
well-designed dietary studies are required in which the confounding effects of ad libitum feeding and obesity have
been controlled for, and sufficient numbers of cats are
enrolled to have the statistical power to detect differences
if they were present.
Insulin sensitivity was not different between diets or
between lean and overweight cats. Insulin sensitivity is
measured in the fasted state, which might minimise a dietary
effect if present. Currently, there are no methods available to
measure insulin sensitivity in the postprandial state. It is possible that moderate (26 and 31 % total body fat), short-term
weight gain (8 weeks in the present study) may have different
effects on insulin sensitivity to more pronounced weight gain
over a longer period. In contrast to the present study where
none of the cats were classed as obese, insulin sensitivity
was halved when cats became obese over 10 months(13).
It is also possible that because most of the fat gained was
outside the abdomen, it might have diminished the effect on
insulin sensitivity(44,45).
Glucose effectiveness measures the ability of glucose per se,
under basal insulin conditions, to promote its own disposal
through mass action into tissues and suppress endogenous
glucose production(46,47). In healthy human subjects, 50 % of
the glucose disposal during a glucose tolerance test is due
to glucose effectiveness(47). Glucose effectiveness is enhanced
with increased plasma insulin or glucose concentrations, and a
4-fold increase in insulin or a doubling of glucose concentrations result in a similar enhancing effect(47,48). Although
glucose effectiveness was not significantly different between
the diets during the stable-weight phase, it increased with
weight gain, and was significantly higher in cats fed the
HCLP diet. Because insulin concentrations were not different
between the diets after weight gain, but peak glucose concentration was significantly higher in cats fed the HCLP diet,
it suggests that the higher glucose effectiveness with weight
gain reflected the higher glucose concentration (mean peak
7·2 v. 9·2 mmol/l). The lower fasting glucose concentration
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in the HCLP group after weight gain might reflect increased
glucose effectiveness.
Limitations of the study were that the diets were commercially available diets which had other micronutrient differences between them, and it is possible that other unknown
effects could have accounted for some of the differences
observed. The aim of the present study was to document
the consequences of choosing a commercially available,
HCLP diet over a LCHP diet. Although premium feline dry
diets contain lower amounts of carbohydrate, the HCLP diet
used in the present study is typical of the low-priced dry cat
foods available in supermarkets in Australia. The LCHP diet
is lower in carbohydrate than typical premium maintenance
feline diets, but is at the high end of prescription LCHP diets
recommended for diabetic cats. To further compare lowand high-carbohydrate diets, studies of diets identical except
for macronutrient amount should be compared. In addition,
diets with lesser amounts of carbohydrate (e.g. 40 % ME)
need to be investigated to determine whether differences in
energetic efficiency are also evident when more moderate
levels of carbohydrate are fed ad libitum to promote weight
gain. Although ad libitum feeding is the most common feeding method employed by owners of cats, it clearly promotes
weight gain, which is a risk factor for a number of feline diseases including diabetes mellitus and reduces life span, and
therefore is not recommended(12,49).
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