Br. §. Nutr. (1966), 20, 641 641

Protein malnutrition in the rat induced by
protein-calorie imbalance

By T. W. WIKRAMANAYAKE#
Faculty of Medicine, Colombo 8, Ceylon
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1. A study has been made of the effect of feeding growing rats for a long time on a low-
protein, high-carbohydrate diet given at two different levels of energy. 2. When the proteins
of the diet provided o or 5% of the calories the body-weight fell rapidly and fat accumulated
in the liver. Addition of carbohydrate (glucose) to the diets increased the amount of fat in
the liver. 3. It is suggested that a deficiency of protein retards the synthesis in the liver of
lipoproteins required for removal of triglyceride from the liver. Additional carbohydrate
diverts amino acids from the amino acid pool to tissues such as muscles, increasing the liver
damage.

It is generally agreed that kwashiorkor is associated with diets which, though low
in protein, often provide a relative abundance of carbohydrate. On the other hand,
the child with marasmus, in which protein deficiency is associated with an equally
severe calorie deficiency, does not develop the stigmata of kwashiorkor (Scrimshaw &
Behar, 1959). Heard, Platt & Stewart (1958) have shown that baby pigs fed on a low-
protein diet will develop a condition resembling kwashiorkor if additional carbo-
hydrate is added to the diet.

An attempt has been made to produce a similar condition in the rat. Young rats
have been maintained for several weeks on synthetic diets in which the protein con-
tent was adjusted to give o, 5 and 439, of calories as casein and the calorie intake
adjusted by addition or withdrawal of glucose. The livers of animals were then
analysed for their lipid content. A preliminary account of these experiments has
already appeared (Wikramanayake, 1964).

EXPERIMENTAL
Awnimals and diets

Young adult albino rats having an initial body-weight close to 160 g were studied
at different levels of energy intake on diets either containing protein or free of pro-
tein. The method of selection of the animals, the constituents of the diet, the feeding
and the general management of the animals were essentially the same as those
employed in earlier experiments (Munro, Naismith & Wikramanayake, 1953; Munro
& Wikramanayake, 1954). The details of the diets are given in Table 1. To the 2 g
of the vitamin-mineral-roughage (VMR) mixture (Munro, 1949) given to all the
animals in the morning, additional choline was added to ensure a daily intake of
40 mg choline.
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During the first 7 days the daily energy intake of all animals was about 1300 kcal/m?
in order that they might become accustomed to the diet. The surface area was cal-
culated by the method of Lee (1929). At the end of this period the energy intake
of the different animals was altered by increasing or reducing the amount of glucose
given in the morning meal. The amount of carbohydrate given in the evening meal
was sufficient to ensure optimal utilization of dietary nitrogen (Munro, 1949). The
additional glucose given separately from this meal would exert an effect on protein
metabolism irrespective of the time at which it was given (Munro & Wikramanayake,

1954).
Table x. Composition of diets given to the rats

Given at 4 pm

Given at g am f S Total

——— Potato Total calories

VMR*  Glucose Fat starch Glucose  Casein N/day per day

Diet (g) (8) (8 (8) (® (g) (mg)  (kcal/m?)
Protein-free 20 35 042 1-89 1-8g — 2'5 1342
Low-protein 2:0 3'5 042 279 069 030 410 1352
High-protein 20 3'5 0'42 069 o069 2°40 3300 1353

* Vitamin-mineral-roughage mixture providing 40 mg choline/rat daily.

In the first experiment, eighteen rats were used, three in each group. Those on the
protein-deficient diets lost weight rapidly. By the soth day they were considerably
emaciated, took no interest in their surroundings and had to be coaxed to eat the food
given them. All the food was not consumed. The animals receiving the protein-free
and the low-protein diets at the lower energy level died mainly between the 58th and
64th days although the last rat died on the 75th day. After death a portion of the liver
of each animal was removed for histological examination (haematoxylin and eosin
staining of paraffin sections) and the remainder weighed. A portion of the gastro-
cnemius muscle and the remainder of the carcass were dried at 110° to a constant
weight and the water content was calculated.

In the second experiment, precautions were taken to ensure that all the food was
consumed. The evening meal was left in the cage throughout the night. Any food
remaining in the dish the following morning was mixed with the VMR mixture,
suspended in water and given by stomach tube. The glucose given to those rats fed
at the higher energy level was dissolved in the same water. In this way the animals
were forced to consume all the food offered to them without, at the same time, dis-
rupting their normal nocturnal constant-feeding habit (Cohn & Joseph, 1959). On
the 56th day of the experiment, i.e. after the animals had been fed at different energy
levels for 7 weeks, blood was drawn from each by cardiac puncture under ether
anaesthesia about 1 h after the animals had been tube-fed. Their livers were perfused
with 0-9 %, (w/v) NaCl, weighed and frozen at — 10° and later analysed for total lipids,
total cholesterol and lipid phosphorus.
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Analytical procedures

The food was analysed for nitrogen and the serum for total proteins by the micro-
Kjeldahl method, with metallic mercury as the catalyst.

Liver lipids were extracted by the method described previously (Wikramanayake,
Munro, Naismith & Hutchison, 1953). The total phosphorus content of a sample of
the combined extracts was measured by the method of Allen (1940). Another portion
of the lipid extract was dried in an atmosphere of N, under reduced pressure. The
residue was dissolved in light petroleum (b.p. 40°—60°), dried in a tared vessel and
weighed, to obtain a measure of the concentration of the total lipids in the extract.
Total cholesterol was estimated on a sample of the extract by the method of Henly
(1957). An estimate of the triglyceride content of each liver was obtained by sub-
tracting from the amount of total lipids the sum of the total cholesterol and the total
phospholipids (obtained by multiplying the value for phospholipid phosphorus by 25).

Equal volumes of blood serum from animals in the same group were pooled and
the pooled samples analysed for total lipids, total cholesterol, phospholipid phosphorus
and total proteins, and the serum proteins fractionated by paper electrophoresis.
Cholesterol was determined directly in the serum proteins by Henly’s (1957) method.
Total lipids were extracted from 2 ml serum once with ethanol : chloroform (3:1) and
twice with ethanol:ether (3:1) and the phospholipid phosphorus and the total lipids
were measured in the combined extracts as described above. The method of serum
protein fractionation was the same as that used in a previous study (Wikramanayake,
de Silva, Fernando & Jayawickrema, 1961).

Statistical analyses

The significance of the changes in liver weight, total lipids, total cholesterol, total
phospholipid phosphorus and the triglycerides with changes in carbohydrate intake
was determined by the analysis of variance technique (Snedecor, 1961).

RESULTS

Table 2 summarizes the results of the first experiment. With the exception of one
rat, the livers of all the animals on the protein-deficient diets showed some patho-
logical change. Three livers showed a definite fatty change, the distribution of fat
being mainly centrilobular, with a few fat globules distributed more diffusely through-
out the liver lobule. In one, the fat distribution was uniform and diffuse. In the other
livers the cells were swollen owing to either a hydropic degeneration or an early fatty
change. There was a wide variation in the water content of tissues between individual
rats, but the mean amount of water in carcass, liver and muscle decreased with increase
in protein intake.

The variation in liver weight and in the lipid content of the livers with changes in
energy level of the diet at different protein intakes in the second experiment is illu-
strated in Table 3.

At each energy level the wet weight of the livers of rats fed on a high-protein diet
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was significantly greater than that of animals fed on the protein-free or the low-
protein diets (P < o-oor). Addition of glucose produced a more significant increase
in the liver weight of the animals on the high-protein diet (P < o-oor) than in the
animals on the other two diets (001 < P < 0-05).

On the protein-deficient diets increasing the energy intake significantly increased
the triglyceride content of the liver (P < o-oo1). The decrease in triglyceride produced
by increasing the protein content of the diet from o to 59, was not significant. On the
other hand, there was a significant fall in the triglyceride content of the liver, at each
energy level, when an adequate amount of protein was given (P < o-oor).

Table 2. Changes in histological appearance of the liver and in the water content of
liver, muscle and carcass of rats caused by alterations in energy intake at different levels

Of protetn intake Content of water (%)

AL

Diet Rat no. Carcass Muscle Liver Histological observations on liver
Protein-free:
Low-energy I 66-8 766 77°0 Moderate to large globules of fat,
diffuse, larger globules centrally
2 66-4 780 801 Swollen cells centrally
3 65-8 73°1 72°6 Necrosis, starting centrally
Mean 66-3 759 766
High-energy 4 69-8 792 727 Swollen cells, centrally and in inter-
mediate zone
5 73" 91+7 926 Moderate globules of fat centrally
6 637 674 715 Swollen cells in central and inter-
mediate zone
Mean 69-0 794 789
Low-protein:
Low-energy 7 692 772 750 Swollen cells centrally
8 703 756 731 Normal
[ 67-0 72°4 78-0 Small globules centrally
Mean 688 75°1 754
High-energy 10 691 742 738 Areas of fatty degeneration
11 68-8 741 74'9 Congestion
12 673 800 850 Swollen cells centrally
Mean 68-4 761 779
High-protein:
Low-energy 13 635 695 748
14 670 740 69-8} Normal
15 642 665 70°0
Mean 649 70°0 7125
High-energy 16 590 600 70°8
17 62-8 704 700 Normal
18 604 555 778
Mean 6o-2 653 723

The liver cholesterol of animals on the high-protein diet was significantly greater
than that of animals on the two protein-deficient diets at each energy level (P < o-0o1).
At cach protein level additional glucose produced a highly significant increase in the
liver cholesterol (P < o-oor).

Although the increase in liver phospholipid with increase in carbohydrate intake
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was slight on the protein-free diet, the change was highly significant on the high-
protein (P < oroor1) and on the low-protein diets (0'001 < P < o-o1).

Table 4 shows the effect of increasing the carbohydrate intake on the proteins and
lipids of pooled serum of the animals in each group. Animals fed on adequate amounts
of protein had about three times as much lipid in the serum as those on protein-
deficient diets. The total protein content of the serum decreased with decrease in the
protein content of the diet, the decrease being slightly greater with addition of carbo-
hydrate at each protein level. The different protein fractions showed a similar decrease,
the fall being less marked in the «-globulin fractions.

Table 3. Effect of changes in energy intake (carbohydrate), at different levels of
protein intake, on body-weight, liver weight and liver lipids of rats

Diet

Protein-free
Low-protein

High-protein

(Mean values with their standard errors for groups of five rats)

Daily

energy

intake

(kcal /m?)

872
1810
883
18253
883
1825

Change
in
body-
weight
(8

—58+2'50
—511 200
—-58+ 084
—46+1°92

—15%139
+27+1°31

Liver
weight
(8)
34to1g
39toxy
3'5 009
38+o012
5-oto3s
63+ 028

Total
liver
lipids
(mg)
3504 1800
709+ 7-90
309k 10°70
605 + 3620
252+ 1640
306+ 1110

Total
liver
cholesterol
(mg)
13°4+0-87
193+ 062
12:4:+ 070
183+ 064
16°1 4085
221+ o050

Total
liver
phospho-
lipid
(mg)
467t o022
499+ o018
498t o253
617+ 030
576 X 040
7:67 £ 038

Total
liver
trigly-
ceride
(mg)
220+ 1862
562+ 7-01
172+ 12:80
43713653
92+ 732
91+ 577

Table 4. Effect of changes in energy intake (carbohydrate), at different levels of
protein intake, on serum proteins and lipids
(Serum from each group of five rats has been pooled for analysis)
Total Lipid
‘Total Total choles- phos-
protein Albumin o-globulins  .-globulins f3-globulins <y-globulins lipids terol phorus
A ~ —J \ —y 4
Diet (g/100 ml) {mg/100 ml)
Protein-free:
Low-energy 387 1°65 075 o030 0°52 065 101 28 23
High-energy 388 167 074 027 o051 o069 121 32 29
Low-protein:
Low-energy 3°50 170 072 0-28 0'39 0°50 118 34 30
High-energy 4701 1:82 078 029 054 0'58 129 42 37
High-protein
Low-energy 567 235 095 045 o'89 103 329 75 5'5
High-energy 5-82 2°32 094 0:48 0'9Q 1-09 358 86 62
DISCUSSION

As observed by previous authors (Tucker & Eckstein, 1937; Litwack, Hankes &
Elvehjem, 1952), the livers of rats fed on low-protein diets were fatty, owing mainly
to the accumulation of triglycerides. As in the experiments of Macdonald (1962) on
rabbits, the increase in liver lipid was more marked when the carbohydrate intake
was increased. When the protein intake was adequate addition of carbohydrate to the
diet did not increase the total amount of liver triglyceride.

Platt, Halder & Doell (1962) obtained similar results with rats fed on diets containing
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o, 2 or 5%, protein as casein for a period of 6 days only. The deficient diets were given
at the rate of 1-3 g/10 g body-weight daily, at which level the livers were found to be
heavily infiltrated with fat. Animals fed on the same diet at 07 g/10 g body-weight
daily for 6 days did not show any histological change. In the experiments reported
here animals fed at a low energy level ate daily about 0-4 g/10 g body-weight and those
at the higher energy level about 0-82 g/10 g body-weight, the diet being continued for
= weeks. At both energy levels triglycerides accumulated in the liver, the amount of
triglyceride being greater at the higher energy level. An increase of fat in the liver can,
therefore, be brought about acutely by force-feeding with a large excess of a protein-
free diet for a short time, or by a smaller quantity of such a diet given for a much
longer period of time. Anadequate amount of protein in the diet prevents a fatty change.

In these experiments the food was available to the animals during 177 h of the day
and only the morning meal was given by stomach tube along with any food remaining
uneaten. It is unlikely, therefore, that the fatty livers were caused by forced feeding
(cf. Cohn & Joseph, 1959; Fabry, Petrisck, Braun, Bednarek, Hordkova & Konopasek,
1962). Moreover, the animals on the protein-deficient diets were grossly emaciated
and their body fat was greatly reduced, unlike the animals force-fed by Cohn &
Joseph (1959).

Two distinct lipotrophic effects of proteins are known: (1) the choline-sparing
effect of methionine, and (2) the effect of other amino acids, such as threonine (Tucker
& Eckstein, 1937; Best, Hartroft, Lucas & Ridout, 1955; Harper, 1958). The fatty
livers of the rats used in the study now presented were not likely to be due to a dietary
deficiency of choline since the diets used provided 40 mg choline/rat daily (Brown &
Sturtevant, 1949). The accumulation of fat in the liver was accompanied by a fall in the
lipid content of the serum, indicating a failure of the ‘triglyceride sccretory’ mechanism
of the liver (Recknagel & Litteria, 1960). This failure could be due to a decrease in the
synthesis in the liver of cholesterol, phospholipid and lipoprotein or in lipoprotein
alone (Olson, 1962). Results shown in Table 3, as well as those reported earlier
(Wikramanayake et al. 1953), suggest the possibility that a protein-deficient diet may
eventually reduce the concentration of some essential component (other than choline)
in phospholipid synthesis to such an extent that it becomes the factor limiting the rate
of synthesis.

Recent work on fatty livers, however, suggests another mechanism. Carbon tetra-
chloride (Seakins & Robinson, 1963), the methionine antagonist, ethionine (Robinson &
Harris, 1961), and the antibiotic, puromycin (Robinson & Seakins, 1962) produce
fatty livers and a reduction in plasma lipids under conditions in which the incor-
poration of amino acids into the proteins of the liver and the protein moiety of the
plasma lipoproteins synthesized in the liver, is reduced. A protein-deficient diet
could likewise result in a rate of synthesis of lipoproteins inadequate for efficient
functioning of the ‘triglyceride secretory’ mechanism of the liver. A high-carbo-
hydrate diet could result in increased insulin secretion which will bring about a
deposition of amino acids in muscle (Munro, 1956; Munro, Black & Thomson, 1939).
If the diet is also protein-deficient the supply of amino acids available to other tissues
would be curtailed so that protein synthesis by tissues such as the liver is diminished.
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Addition of carbohydrate to a low-protein diet has been shown to decrease the amount
of protein in the liver (Munro & Naismith, 1953). Further, a high calorie intake super-
imposed on a deficient protein intake has been shown to act as an added stress in the
depletion of RNA and protein in the liver, muscle and other tissues, the reduction in
free essential amino acids being greatest in the liver (Allison & Wannemacher, 1964).
A similar effect of high-carbohydrate diets in the production of fatty livers has been
noted by Sidransky & Clark (1961) in their study of acute amino acid deficiency. A
deficiency of essential fatty acids is unlikely to have affected the utilization of dietary
proteins by the animals used in the experiments presented here (Naismith, 1962)
because fat provided about 259, of the calories (at the lower energy level) and about
30 mg linoleic acid (Deuel, 1951).

The distribution of fat in the liver differed from that found in kwashiorkor (Best
et al. 1955; Scrimshaw, Behar, Arroyave, Viteri & Tejeda, 1956), and in acute amino
acid deficiency (Sidransky & Clark, 1961). The picture is complicated by the fact that,
towards the end of Expt 1, many of the animals on the deficient diets did not eat all
the food given to them. Fat is known to accumulate in the liver during starvation
(Feigenbaum, Fisher & Weiss, 1962). In a similar experiment on rats on a protein-
deficient diet given ad lib., Ramalingaswami, Sriramachari & Patwardhan (1958) found
a mild fatty change with no clear-cut zonal distribution, the liver injury being much
less evident in animals fed on a low-calorie diet. When the diet was deficient in both
protein and choline, the fatty change was more marked and the distribution of fat
was irregular in the 1st month of deficiency, becoming more severe around the portal
tracts in subsequent weeks. At the end of 3 months the distribution was periportal
in four out of six rats, being centrilobular in the remainder. Therefore the distri-
bution of fat appears to be dependent on the length of time the rats have been main-
tained on a deficient diet.

We are most grateful to Dr G. E. Tennakoon and Dr R. Panabokke of the Depart-
ment of Pathology for reporting on the histology of the livers, and to Dr P. L. G. de
Silva of the Department of Animal Husbandry for helpful discussion on statistical
treatment. The assistance of Mr George Hoover in the care and management of the
animals s gratefully acknowledged.
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