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Abstract
Scientific research has shown that as carnivores,
cats have obligatory requirements for nutrients
that are not essential for many other mammals.
A higher maintenance requirement for protein
is one example. This has been attributed to the
inability to downregulate nitrogen catabolism
secondary to the consumption of an almost-
exclusive vertebrate prey diet. Studies support that the feline
can adapt protein oxidation to dietary intake provided their pro-
tein requirement is met. However, their inability to downregulate
nitrogen catabolism may not fully explain their high-protein 
requirement. One recently proposed model suggests that the cat
has a high-protein requirement because of its high-endogenous
glucose demand that is met by obligatory amino acid-based
gluconeogenesis. It is postulated that the high-protein require-
ment is the result of amino acids entering gluconeogenesis to
supply the glucose needs of the brain and other tissues requir-
ing glucose. 

The domestic cat (Felis catus) is the only member of the
family Felidea in which nutritional requirements have been
studied extensively.1 Scientific research has shown that as carni-
vores, cats have obligatory requirements for nutrients that are
not essential for many other mammals. Their nutritional and
metabolic idiosyncrasies are believed to be the result of evolu-
tionary adaptations to a diet consisting mainly of animal tissue.1

As a result, there are some nutrients, such as arginine, taurine,
niacin, and vitamins A and D, that are nonessential in many
mammals that are essential in felines.1 The essentiality of these
nutrients is often the result of synthesis rates in vivo that are in-
sufficient to meet their needs. 

Carnivores also have a higher maintenance requirement for
dietary protein compared to noncarnivores.2 The significant 
difference in protein requirements between carnivores and 
omnivores is demonstrated by the findings that the rat can
maintain body weight, nitrogen balance and carcass nitrogen
when fed diets containing 3.5 to 4.5% metabolizable energy
(ME) as protein,3,4 whereas the minimum protein requirement
for maintenance in the cat is 16% ME.2,5

Dietary protein is required to provide essen-
tial amino acids and the nitrogen needed to
synthesize dispensable amino acids and other
nitrogen-containing compounds. Therefore, is
the cat’s high-protein requirement due to a high
requirement for one or more essential amino
acids or dispensable nitrogen?1 Research supports
that the essential amino acid requirements for

the growing kitten generally are similar to other growing mam-
mals.1,6 Cats are able to control the activity of enzymes in the
first irreversible step of essential amino acid degradation to
some extent, explaining why they do not have a high require-
ment for essential amino acids.1,7

This leaves the possibility that the protein requirement is driven
by the need for dispensable nitrogen. Early findings to support a
high requirement for dispensable nitrogen came from an in vitro
study reporting no difference in the activity of some hepatic
aminotransferases and urea cycle enzymes in cats consuming
high- (54% ME) and low-protein (14% ME) diets.8 The result
is a continuously high rate of nitrogen loss compared to other
species that adapt to variations in protein calories by regulating
protein oxidation and turnover.9 Similar metabolic inflexibility
has been reported in other carnivores, such as vultures, barn
owls, alligators, and trout.10-14 Conversely, studies in mink have
reported that rates of amino acid decarboxylation and protein
oxidation are regulated based on protein intake, even when pro-
tein is supplied near or below the requirements.15-17 These find-
ings support some metabolic flexibility in carnivores.18 Studies
conducted in omnivorous and herbivorous species fed high- and
low-protein diets under similar experimental conditions have
reported significant changes in enzyme activities.5,19-25

Based on the Rogers, et al. (1977) study, the high-protein 
requirement in cats seems to reflect a high obligatory rate of
protein oxidation caused by an inability to downregulate the
enzymes of urea cycle synthesis in order to conserve nitrogen
when consuming a low-protein diet.8 Reports that cats have
higher endogenous nitrogen excretion on a protein-free diet,
compared to omnivores,26 and during times of food deprivation27

provide further support for this hypothesis. It is important to point
out a few limitations of this classic in vitro study. The enzyme
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assays used in this project were optimized for rats and not cats,28,29

and enzyme activity was reported as maximal activity, which may
or may not reflect physiological conditions. The cats in this study
were fed adequate protein concentrations, thus the findings did
not test metabolic flexibility at or below requirements.28,29

Rogers and Morris (2002) suggest that the basis for the differ-
ence between cats and other noncarnivorous animals can be better
understood in the context of the mechanisms available to the
animal to conserve nitrogen when necessary or to oxidize the
surplus when provided.30 The mechanisms are based on four
levels of control of urea cycle enzymes: 
1) substrate regulation based on the amount of nitrogen entering

the cycle from ammonia or aspartate; 
2) allosteric regulation of carbamoylphosphate synthase 1 by

N-acetyl glutamate (NAG); 
3) control of the urea cycle by increasing and decreasing orni -

thine; and 
4) up- and downregulation of the enzymes involved in urea

synthesis.30

These researchers argue that while the first three levels of
regulation are present in the cat, it is the fourth level, the inability
to downregulate the nitrogen catabolic enzymes, that results in
obligate nitrogen loss and a high-nitrogen requirement.30 There-
fore, the concentration of urea cycle intermediates may be more
important in the control of ureagenesis.30,31

Future work based on that study provide additional details but
also raise additional questions. An in vivo study by Lester, et al.
(1999) reported no change in protein oxidation in a group of cats
fed diets with varying amounts of energy coming from protein.32

One potential limitation of the study was that protein oxidation
was calculated rather than measured by indirect calorimetry.
The end result may have represented nitrogen flux rather than
oxidation.28 Other in vitro and in vivo studies reported that cats
have some ability to adapt to increases in dietary protein intake
in terms of ureagenesis and gluconeogenesis.5,28,31,33 However,
none of the studies evaluated diets supplying protein at a concen-
tration less than the cat’s minimum requirement.

In one of these in vivo studies, using indirect calorimetry,
Russell, et al. (2002) investigated substrate oxidation when cats
were fed moderate- (35% ME) or high-protein (52% ME) diets.28

Both treatment groups exceeded the cat’s minimum requirement
of protein (16% ME) for maintenance.28 They found that protein
oxidation increased when cats were fed the high-protein diet.
The authors concluded that cats are more capable of adjusting
protein metabolism than previously thought based on the enzyme
data.28 However, only diets exceeding the minimum requirement
for protein were evaluated, and adaptation to these protein concen-
trations could easily be explained by allosteric and substrate/
intermediate level regulation of the urea cycle and/or change in
liver size.5

A second study evaluated protein oxidation in cats fed diets

with protein concentrations below, at and above their require-
ment to test their ability to adapt substrate oxidation to dietary
macronutrient concentration.5 Semi-purified diets containing
protein at 7.5% (low protein, LP), 14.2% (adequate protein, AP),
27.1% (medium protein, MP), and 49.6% (high protein, HP) of
calories were fed in a modified cross-over design.5 Using indirect
respiration calorimetry and nitrogen balance to measure substrate
oxidation, they reported that the ratio of protein oxidation: 
protein intake was higher when cats consumed the LP diet
compared to the other three diets.5 Provided the diet contained
adequate protein to meet the cat’s minimum requirement, protein
oxidation closely matched protein intake, a finding consistent
with that reported by Russell, et al. (2002).5,28

To explore the possibility that protein oxidation exceeded
intake due to poor energy intake when the cats were consuming
the LP diet, the investigators ran a follow-up study. They fed
the MP diet (27.1% protein calories) in the same amounts as
the cats voluntarily reduced their intake while being fed the LP
diet. They determined that protein oxidation for this energy-
restricted subgroup was similar to cats fed the MP diet to meet
their energy needs. This finding suggests that energy balance may
be independent of the cat’s inability to adapt protein oxidation
to low concentrations of dietary protein.5 Overall, the findings
supported their hypothesis that cats would adapt protein oxidation
to dietary intake provided their protein requirement was met;
however, if dietary intake was below their protein requirement,
cats would be unable to decrease protein oxidation enough to
maintain nitrogen balance.5

Overall, the limited metabolic flexibility in cats to adapt to
low-protein diets may be the result of evolutionary adaptations
to a diet consisting primarily of protein.1 The ability to upregulate
the urea cycle aids in protecting against ammonia toxicity after
a high-protein meal and permits the utilization of the carbon
skeletons from amino acids for gluconeogenesis.5 This high rate
of protein oxidation only becomes a detriment when consuming
a diet in which the protein content is below the cat’s minimum
requirement. In this situation, the cat exceeds its ability to adapt
and faces a negative nitrogen balance, whereas most omnivores
would continue to thrive.5

However, the findings from these studies may have another
meaning when considered in the context of Waterloo’s explorations
of the dual regulation of the urea cycle by substrate supply 
(reactive regulation) and urea cycle enzyme adaptations (adaptive
regulation).9 Herein, the argument is that adaptive changes to
urea cycle enzymes are not necessary given the rapid and auto-
matic regulation of carbamoylphosphate synthase 1.9 Applied
to the cat, it may be that the feline reacts rather than adapts to
dietary protein although with the same net result.34

The general model of protein turnover in mammals proposed
by Waterloo (1999) states that the lower limit of amino acid 
catabolism is dictated by the rate of whole-body protein turnover



and obligatory nitrogen loss.9,35 One study evaluating urea kinetics
in the cat reported protein turnover to be one-half to one-third
that in other mammals.31,35 The results did not explain the cat’s
need to catabolize amino acids at the high rates reported in numer-
ous other studies.31,35 The authors concluded that the high-protein
requirement of the cat remains unexplained but is probably not
due solely to its inability to downregulate hepatic protein catab-
olism in response to variations in dietary protein intake.31,34

More recently, a model was proposed by Eisert35 to explain
this paradox. In summary, the model says, “… cats do not have
a high-protein requirement per se, but rather a secondarily high
elevated protein requirement in response to a high endogenous
glucose demand.”35 The hypotheses that serve as the foundation
for the model include: 
1) The cat has a relatively large brain for its size and hence a

secondarily high metabolic demand for glucose. The cat has
developed specific metabolic strategies that do not include
hyperketonemia to meet this demand while consuming a
low-carbohydrate diet. 

2) Amino acids enter gluconeogenesis at a rate to meet the 
endogenous glucose demand independent of dietary carbo-
hydrate intake (obligatory gluconeogenesis).  

3) Obligatory amino acid-based gluconeogenesis results in 
endogenous nitrogen losses that exceed the amount predicted
for a carnivore the size of the cat and therefore increase the
minimum protein requirement in cats above that of other
noncarnivorous species.35

A review of the natural feline diet based on published databases
concluded that a prey-based diet supplies insufficient carbohy-
drates to meet the high, ongoing endogenous glucose demand
of the cat.35 This endogenous glucose demand stems from the
cat’s relatively large brain for a mammal of its size.35,36 Using
published data on brain mass and whole blood-glucose utilization,
a predictive allometric model was developed to compare the
glucose demand of the cat brain with other mammals.35-37 The
result was that with the exception of primates, the relative brain-
glucose demand of the cat expressed on a metabolic body weight
basis was the greatest in all the mammals evaluated.35 The brain-
glucose demand reported by this model represented 30% of the
measured gluconeogenesis in the cat following an overnight
fast.35,38 It is proposed that the discrepancy between the amount
of carbohydrate derived from the cat’s natural diet and the cat’s
high-glucose needs is met through endogenous gluconeogenesis.35

Eisert (2011) continues to explore whether the glucose require-
ment of the cat brain is a sufficient explanation for the cat’s 
elevated protein requirement. In order to evaluate this, the 
theoretical nitrogen costs of brain-glucose demand calculated
from the brain-glucose demand of the cat estimated in the pre-
dictive allometric model is compared to the endogenous urinary
nitrogen losses reported in the cat.26,35 Endogenous urinary nitro-
gen losses were used as a proxy for total amino acid oxidation.

Using this theoretical approach, there was close agreement in
cats between nitrogen loss predicted from brain-glucose demand
and published endogenous urinary nitrogen losses.26,35 The author
concludes that this finding supports the hypothesis that the cat’s
high-endogenous nitrogen losses are the consequence of augmen-
tation of its minimal nitrogen losses by obligatory gluconeoge-
nesis.35

Two potential criticisms to the model are raised and addressed
by the author.35 The first is that obligate gluconeogenesis reduces
metabolic flexibility and leaves the cat incapable of adapting to
a low-protein diet. This point is refuted by offering the hypothesis
that the risks of a transient negative nitrogen balance in a feline
consuming a high-protein diet are relatively small compared to
the compromise in brain function or other organ systems due to
low-glucose concentrations. The second criticism is why main-
tain obligatory gluconeogenesis in domestic cats provided with
high-carbohydrate, low-protein diets? Eisert (2011) argues that
the modern cat is likely consuming a diet that provides at least
30% of the calories from protein.35 Therefore, failure to adapt
to a higher carbohydrate diet by reducing gluconeogenesis from
protein is unlikely to carry a risk of protein deficiency.35 This 
is further underscored by evolutionary pressure to maintain the
current metabolic status quo.35

In conclusion, the cat’s inability to downregulate hepatic
catabolic capacity at low-protein intakes may only partially 
explain this carnivore’s high-nitrogen requirement. An emerging
argument suggests that cats have evolved a high capacity for
gluconeogenesis from amino acids to solve the dilemma of how
to survive on a high-protein, prey-based diet as a small mammal
with a large brain.35 While arguably the overarching model pro-
posed by Eisert (2011) requires more direct scientific support, the
hypotheses and ideas are intriguing and provide a platform for
future studies. Certainly this model emphasizes the interrelatedness
and interdependence of protein, fat and carbohydrate in the feline
diet. Future studies are needed to better understand how dietary
composition impacts nutrient utilization and requirements. 

References
1. Morris, JG. Idiosyncratic nutrient requirements of cats appear
to be diet-induced evolutionary adaptations. Nutr Res Rev. 2002;
15:153-168.

2. National Research Council. Nutrient Requirements of Cats
and Dogs. National Academy Press, Washington, D.C. 2006.

3. Sheehan PM, Clevidence BA, Reynolds LK, et al. Carcass
nitrogen as a predictor of protein requirement for mature female
rats. J Nutr. 1981;111:1224-1230.

4. Baldwin JK, Griminger P. Nitrogen balance studies in aging
rats. Exp Gerontol. 1985;20:29-34.

39



5. Green AS, Ramsey JJ, Villaverde C, et al.  Cats are able to
adapt protein oxidation to protein intake provided their require-
ment for dietary protein is met. J Nutr. 2008;138(6);1053-1060.

6. Rogers QR, Morris JG. Essentiality of amino acids for the
growing kitten. J Nutr. 1979;109:718-723.

7. Rogers QR, Morris JG. Why does the cat require a high-
protein diet? In Nutrition of the Dog and Cat. Anderson RS (ed).
Oxford: Pergamon Press. 1980;45-66.

8. Rogers QR, Morris JG, Freedland, RA. Lack of hepatic 
enzymatic adaptation to low and high levels of dietary protein
in the adult cat. Enzyme. 1977;22:348-356.

9. Waterlow JC. Protein Turnover. CABI Publishing, Cambridge,
MA. 2006

10. Walton MJ. Metabolic effects of feeding a high protein/low
carbohydrate diet as compared to a low protein/high carbohydrate
diet to rainbow trout Salmo gairdneri. Fish Physiol Biochem.
1986;1:7-15.

11. Myers MR, Klasing, KC. Low glucokinase activity and
high rates of gluconeogenesis contribute to hyperglycemia in
barn owls (Tyto alba) after a glucose challenge. J Nutr. 1999;
129:1896-1904.

12. Coulson RA, Hernandez T. Alligator Metabolism: Studies on
Chemical Reactions In Vivo. Oxford: Pergamon Press, U.K. 1983.

13. Cowey CB, Cooke DJ, Matty AJ, et al. Effects of quantity
and quality of dietary protein on certain enzyme activities of
rainbow trout. J Nutr. 1981;111:336-345.

14. Migliorini RH, Lindner C, Moura JL, et al. Gluconeogenesis
in a carnivorous bird (black vulture). Am J Physiol. 193:225:1389-1392.

15. Fink R, Tauson A, Chwalibog A, et al. Effects of substitution
of dietary protein with carbohydrate on lactation performance
in the mink (Mustela vison). J An Feed Sci. 2004;13:647-664.

16. Matthiesen CF, Blache D, Thomsen PD, et al. Effect of late-
gestation, low-protein supply to mink (Mustela vison) dams on
reproductive performance and metabolism of dam and offspring.
Arch An Nutr. 2010;64:56-76.

17. Tauson AH, Fink R, Chwalibog A. Protein as glucose pre-
cursor in lactating mink (Mustela vison) estimated by decarbo -
xylation of 1-13C-labelled leucine. In Proceedings of the 15th
Symposium on Energy Metabolism in Animals. Chwalibog A,

Jakobsen K (eds). Wageningen Academic Publishers, Wageningen,
The Netherlands. 2001;261-264.

18. Matthiesen CC, Blache PD, Thomsen PD, et al. Foetal life
protein restriction in male mink (Neovision vison) kits lowers
post-weaning protein oxidation and the relative abundance of
hepatic fructose-1,6-bisphosphatase mRNA. Animal. 2012;6:
1:50-60.

19. Schimke RT. Differential effects of fasting and protein-free
diets on levels of urea cycle enzymes in rat liver. J Biol Chem.
1962;237:1921-1924.

20. Schimke RT. Studies on factors affecting the levels of urea
cycle enzymes in rat liver. J Biol Chem. 1963;238:1012-1018.

21. Chandra M, Singh B, Soni GL, et al. Renal and biochemical
changes produced in broilers by high-protein, high-calcium,
urea-containing, and vitamin-A-deficient diets. Avian Dis.
1984;28:1-11.

22. Koutsos EA, Smith J, Woods LW, et al. Adult cockatiels
(Nymphicus hollandicus) metabolically adapt to high protein
diets. J Nutr. 2001;131:2014-2020.

23. Featherston WR, Freedland RA. Influence of dietary protein
and carbohydrate levels on liver enzyme activities in quail. J Nutr.
1973;103:625-634.

24. Rosebrough RW, Steele NC, McMurtry JP. Effect of protein
level and supplemental lysine on growth and urea cycle enzyme
activity in the pig. Growth. 1983;47:348-360.

25. Payne E, Morris JG. The effect of protein content of the diet
on the rate of urea formation in sheep liver. Biochem J. 1969;
113:659-662.

26. Hendriks WH, Moughan PJ, Tarttelin MF. Urinary excretion
of endogenous nitrogen metabolites in adult domestic cats using
a protein-free diet and the regression technique. J Nutr. 1997;
127:623-629.

27. Biourge V, Groff JM, Fisher C, et al. Nitrogen balance,
plasma-free amino acid concentrations and urinary orotic acid
excretion during long-term fasting in cats. J Nutr. 1994;124:
1094-1103.

28. Russell K, Murgatroyd PR, Batt RM. Net protein oxidation
is adapted to dietary protein intake in domestic cats (Felis sil-
vestris catus). J Nutr. 2002;132:456-460.

40



41

29. Russell K, Lobley GE, Rawlings J, et al. Urea kinetics of a
carnivore, Felis silvestris catus. Br J Nutr. 2000;84:597-604.

30. Rogers QR, Morris JG. Upregulation of nitrogen catabolic
enzymes is not required to readily oxidize excess protein in cats.
(Letter to the editor) J Nutr. 2002;132:2819-2820.

31. Russell K, Lobley GE, Millward DJ. Whole-body protein
turnover of a carnivore, Felis silvestris catus. Br J Nutr. 2003;
89:29-37.

32. Lester T, Czarnecki-Maulden G, Lewis D. Cats increase
fatty-acid oxidation when isocalorically fed meat-based diets
with increasing fat content. Am J Physiol. 1999;349:53-59.

33. Silva SVPS, Mercer JR. Effect of protein intake on amino
acid catabolism and gluconeogenesis by isolated hepatocytes
from the cat (Felis domestica). Comp Biochem Physiol B. 1985;
80:603-607.

34. Russell K. Reply to Rogers and Morris (Author reply) J Nutr.
2002;132:2812-2821.

35. Eisert R. Hypercarnivory and the brain: Protein requirements
of cats reconsidered. J Comp Physiol B. 2011;181:1-17.

36. Röhrs M, Ebinger P. Verwildert ist nicht gleich wild: Die
hirngewichte verwilderter haussäugetiere [Feral animals are not
really wild: The brain weights of wild domestic animals.] Berl
Münch Tierärztl Wochenschr. 1999;112:234-238.

37. Harper AM, Jennett S. Cerebral blood flow and metabolism.
Manchester University Press: St. Martin’s Press, Manchester,
NY. 1990.

38. Kley S, Hoenig M, Glushka J, et al. The impact of obesity,
sex, and diet on hepatic glucose production in cats. Am J Physiol.
2009;296:R936-R943.


