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Abstract. The plasma amino acid pattern has been investigated in severely anemic
Belgrade laboratory (b/b) rats. Nonanemic heterozygous (b/+) or normal homozygous
(+/+) rats of the same age (six weeks) were used as controls. Decreased plasma
proteins, increased total free amino acid, and urea concentrations in plasma associated
with increased urea and 3-methylhistidine urinary excretion were found, indicating
protein and amino acid metabolic alterations in anemic b/b rats. Plasma alanine,
glutamine, tyrosine, and phenylalanine concentrations were increased. The significantly
reduced molar ratio between valine + leucine + isoleucine and phenylalanine + tyrosine
suggested severe disturbance in the hepatic energy-producing system and derange-
ment of hepatic energy status. Partial or complete reversal of the anemia within 3 days
by red blood cell transfusion or within 3 weeks by iron treatment resulted in normalization
of tyrosine, alanine, glutamine, and total amino acid concentrations in plasma, as well
as of molar ratio between valine + leucine + isoleucine and phenylalanine + tyrosine.
This indicated a better oxygen supply to the liver and normalization of the hepatic
energy status. These findings suggest that the metabolic disturbances in the b/b rat are

the consequence of hypoxia due to the severe anemia.

[P.S.E.B.M. 1993, Vol 203]

itary hypochromic microcytic anemia (1, 2) due

to defective transmembrane iron transport into
erythroblasts (3) and a proliferative defect in the eryth-
roid progenitor cells (4). Recently, it has been shown
that the b/b rat also has abnormalities in megakaryocy-
topoiesis (5) and granulocytopoiesis (6) as a conse-
quence of hypoxia due to the severe anemia. The af-
fected animals are also retarded in growth (1). The
whole body iron metabolism is disturbed and, despite

The Belgrade laboratory b/b rat has severe hered-
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the hyperferremia, reduction in the iron of body tissues
exists (2).

Iron treatment improves hematopoiesis and body
weight gain of the b/b rat (6), but the pathologic forms
of erythrocytes remain in the peripheral blood (2). In
addition, iron therapy showed some beneficial effects
upon erythrocyte and plasma antioxidant systems (7).

The existence of severe anemia in combination
with retarded growth prompted our interest in the
plasma protein and amino acid status of the b/b rat.
Plasma amino acid profiles can reflect alterations in
protein and amino acid metabolism of the body in
starvation (8), injury (9, 10), or sepsis (11). Hepatic
and/or peripheral tissue disturbances in protein and
amino acid metabolism are reflected by plasma-free
amino acid pool characteristics (12, 13). The aims of
the present work were to investigate the possible influ-
ence of severe anemia in the b/b rat on protein and
amino acid metabolism and the effects of corrected



anemia (either by red blood cell transfusion or iron
treatment) on the plasma amino acid pattern.

Material and Methods

Animals. The anemic b/b rat colony raised at the
Medical Military Academy from heterozygous b/+
male and female rats (kindly provided by Dr K. Keller,
Centers for Disease Control, Atlanta, GA) was used for
the examinations. The controls were nonanemic female
heterozygous (b/+) or homozygous (+/+) rats of the
same genetic background. We have also observed as
noted previously (1) that b/+ rats, although not geno-
typically normal, do not express phenotypical differ-
ences from the +/+ rat. The experiments were done on
6-week-old female rats (39 b/b rats and 13 controls) fed
a standard laboratory food mixture containing crude
protein (20-23%), iron (50 mg/kg), copper (10 mg/kg),
a mixture of other microelements, vitamins, and other
nutrients (Agros, Subotica, Yugoslavia).

Experimental Design. In order to establish the
amino acid status in anemic b/b rats and to examine
the possible effects of hypoxia and feed intake on it, the
following groups were studied: anemic b/b rats (Group
A, n = 18); red blood cell-transfused b/b rats (Group
B, n = 7); iron-treated b/b rats (Group C, n = 7 fed ad
libitum; Group D, n = 7 pair-fed to anemic animals
during the last 3 weeks); and controls (Group E,
n=13).

Anemic b/b rats (Group A) were not under any
special treatment throughout the study. Red blood cell
(RBC) transfusion (Group B) was given by intraperito-
neal injections of 2.0 ml of a syngeneic RBC suspension
(packed cell volume about 30%) as described in the
previous paper (4). Transfusions were given during the
3 subsequent days and further examinations were made
on the second day after the last transfusion, when the
animals were 6 weeks old. Anemic and RBC-transfused
b/b rats as well as controls were fed ad libitum through-
out the lifetime of 6 weeks. The iron treatment (Group
C) was started on the 21st day and the b/b rats were
given an iron-dextran complex (Ferrum; Lek, Lju-
bljana), 3.5 mg ip, once per week as suggested by Sladic-
Simi¢ et al. (1). Groups B and C were used to examine
the effect of corrected anemia on the amino acid and
protein metabolic alterations.

In order to examine the possible effects of feed
intake on amino acid metabolic alterations, during the
last 3 weeks (from the third to the sixth week) some
iron-treated animals were pair-fed by being offered the
average daily amount of feed consumed by the anemic
b/b rats (Group D).

Blood and Urine Sampling. On the day prior to
the blood sampling, animals were placed in individual
metabolic cages for urine collection (toluene was used
as the preservative). All animals were allowed water ad
libitum. Because preliminary investigations had shown

that untreated anemic b/b rats could not survive food
restriction for a period of 24 hr, the anemic b/b rats
(Group A) were fed ad libitum during the period of
urine collection. The other groups of animals (B, C, D,
and E) were offered the same amount as that consumed
daily on average by the group of anemic animals (8.6
g/day) and they consumed it. After urine collection for
24 hr, the animals were anesthetized (ether) and hepa-
rinized blood samples (a. abdominalis) were obtained.

Plasma and Urine Analysis. Plasma samples were
obtained after centrifugation (4°C, 1500g, 10 min) and
analyzed for total plasma proteins and albumin (biuret
method), urea (diacetylmonoxime method), and creat-
inine (colorimetric method). After deproteinization of
the plasma (sulfosalicylic acid) and adjustment of pH
to 2.2, free amino acids were analyzed on an automatic
amino acid analyzer (Beckman 121 M) employing five
lithium citrate buffers (14). Urine samples were ana-
lyzed for urea, creatinine, and 3-methylhistidine.
Urinary 3-methylhistidine was determined after dea-
cetylation (6 moles/liter HCI, 110°C, 20 hr) using an
ion-exchange chromatographic method (15).

Statistics. All data were expressed as mean + SD.
Analysis of variance (Duncan method) and correlation
analysis were used for statistical evaluation. The statis-
tical significance between means was taken at the 95%
confidence level.

Results

In untreated (anemic) laboratory b/b rats fed ad
libitum (Group A), hemoglobin and hematocrit values
were significantly below control limits (Table I), indi-
cating severe anemia. This was associated with reduced
plasma concentrations of total proteins, particularly
albumin, and a several times increased urea concentra-
tion, but plasma glucose concentration was within con-
trol limits (Table I).

Body masses of 6-week-old anemic b/b rats (Group
A) were significantly lower compared with controls
(Group E), but similar to RBC-transfused (Group B)
and iron-treated pair-fed (Group D) animals (Table II).
Body mass gain during the period of 3 weeks was the
smallest in the anemic b/b rats (Table II). The amount
of creatinine excreted by Group A was reduced, but the
creatinine coefficient (CR/BM — excreted amount of
creatinine/body mass) was within control limits (Table
II). In the anemic b/b rats, the quantities of excreted
urea, representing urea produced from both exogenous
(feed) and endogenous (tissues) amino acids, were
slightly reduced, while the quantities of urinary 3-meth-
ylhistidine were similar to control values. Considering
the differences in body and muscle mass between ane-
mic (Group A) and control (Group E) animals, urinary
urea and 3-methylhistidine were expressed per amount
of excreted creatinine (Table II). The results obtained
indicated that in anemic rats, the urea to creatinine
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Table I. Concentrations of Hemoglobin, Plasma Proteins, Albumin, Urea, Creatinine, Glucose, and Hematocrit
Values in Anemic, Red Blood Cell-Transfused, Iron-Treated and Ad Libitum-Fed, and Iron-Treated Pair-Fed b/b
Rats and Controls

Group A(n=18) B(n=7) Cin=7) D(n=7) E(n=13)
Hemoglobin (g/liter) 2.9 £ 0.4+°¢ 145 + 1.2° 83+14"* 86+12"° 152+08
Total protein (g/liter) 521 +5.9" 426 + 4.4 64.7 + 5.6 579+27 62.5 + 4.1
Albumin (g/liter) 23.4+ 48" 20.1 £ 3.9* 291 +28 30.3+27 30723
Urea (mmol/liter) 20.2 £ 5.9*°¢ 7.7 £1.4° 9.0+ 1.6 9.6 £1.9*2 6.3+12
Creatinine (umol/liter) 448+ 148 325+53 35.0 £5.1 333+39 38769
Glucose (mmol/liter) 72+13 7606 7.7+18 6.7+09 78+15
Hematocrit (%) 17.5 £ 4 5%2~ 426+ 2.6 404+ 45 41145 412+09

Note. Values are given as mean + SD. Significant differences: * P < 0.05 vs controls (E group); a, b,c, d P < 0.05 vs A, B, C, D groups. A =

anemic; B = red blood cell transfused; C = iron-treated and ad libitum-fed; D = iron-treated pair-fed b/b rats; E = control rats.

Table ll. Body Mass, Urinary Creatinine, Urea, and 3-Methylhistidine Excretions in Anemic, Red Blood
Cell-Transfused, Iron-Treated and Ad-Libitum-Fed, and Iron-Treated Pair-Fed b/b Rats and Controls

Group A(n=18) Bin=7) Cin=7) Din=7) E(n=13)
Body mass (g) 60.4 £ 41%° 69.7 + 5.4*° 103.0 + 19.922¢ 60.4 + 9.2"° 1242 + 21
Body mass gain (g) 10.3 £ 2.5%¢¢ — 26.0 + 3.6%° 238 £ 6.7%° 350+19
Creatinine (zmol/day) 275+ 46" 474+ 88 425 +10.2 30.9+87 514+88
CR/body mass ratio 0.456 = 0.076 0.681 + 0.127 0.420 + 0.049 0.507 + 0.108 0.42 +0.06
Urea (mmol/day) 3.28 + 0.58 5.38 + 2.08 411 +£0.55 3.00 +£ 0.87 464 +1.28
Urea/CR ratio 0.12+0.01* 0.11 +0.03 0.10 £ 0.03 0.11 £ 0.05 0.09 + 0.02
3-MeHis (umol/day) 1.88 + 0.65 258 + 0.84 217 £0.87 2.15 £ 0.61 1.84 + 0.45
3-MeHis/CR ratio 0.07 £ 0.02* 0.06 = 0.02* 0.06 £ 0.04* 0.07 £ 0.03* 0.03 £ 0.01

Note. Values are given as mean + SD. Significant differences: * P < 0.05 vs controls (E group); a, b, c, d P < 0.05 vs A, B, C, D groups. A =
anemic; B = red blood cell transfused; C = iron-treated and ad libitum-fed; D = iron-treated pair-fed b/b rats; E = control rats; CR = urinary

creatinine; 3-MeHis = 3-methylhistidine.

ratio was above control limits, suggesting increased
protein and amino acid breakdown per unit of muscle
mass. The increased urinary 3-methylhistidine to cre-
atinine ratio found in the Belgrade rat indicated in-
creased breakdown of myofibrillar proteins.
Concentrations of total free amino acids in the
plasma of anemic b/b rats were increased compared
with controls (Fig. 1). The increase was due mainly to
an increase in total nonessential amino acids, as total
essential amino acids were within control limits (Fig.
1). Thus, the molar ratio between essential amino acids
and nonessential amino acids (Ea:nEa) in the anemic
animals was significantly lower than that in controls
(Fig. 1). The greatest differences between anemic and
control animals were observed in the concentrations of
alanine, glutamine, and tyrosine (Table III). However,
branched-chain amino acids (BCA; valine + leucine +
isoleucine) were not significantly altered, whereas aro-
matic amino acids (AA; phenylalanine + tyrosine) were
more than three times greater than in controls (Table
III). Thus, in the anemic animals, the molar ratio
between valine + leucine + isoleucine and phenylala-
nine + tyrosine (BCA:AA) was reduced, whereas the
ratio between phenylalanine and tyrosine Phe:Tyr was
not altered (Fig. 2). While in anemic b/b rats the molar
ratio between glycine and the branched-chain amino
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Figure 1. Plasma concentrations of total, essential, and nonessential
amino acids (TAA, Ea, and nEa, respectively) and the molar ratio
between essential and nonessential amino acids (Ea:nEa) in plasma
of the Beigrade laboratory (b/b) rat. Values are given as mean + SD.
E = controls (n = 13); A = anemic (n = 18); B = red blood cell-
transfused (n = 7); C = iron-treated and ad libitum-fed (n =7); D =
iron-treated pair-fed (n = 7) rats. Numbers of animals in the groups
are given in parentheses. Significant differences: *P < 0.05 vs controls
(Group E); a, b, ¢, d P < 0.05 vs A, B, C, D groups.

—£-Ea —®-pEa > TAA

acids (Gly:BCA) in the plasma was within control lim-
its, the molar ratio between alanine and these amino
acids (Ala:BCA) was significantly above control values
(Fig. 2). A correlation (r = 0.907, t = 4.414) between



Table Ill. Concentration of Free Amino Acids in Plasma (xmol/liter) in Anemic, Red Blood Cell-Transfused,

Iron-Treated and Ad Libitum-Fed, and Iron-Treated Pair-Fed b/b Rats and Controls

Group A(n=18) B(n=7) Cn=7) D(n=7) E(n=13)
Phenylalanine 139.3 + 26.2* > 66.6 + 8.6 86.8 + 20.6*° 105.4 + 14.3"2° 59.8 + 9.0
Valine 1942 + 70.7 207.3 + 33.8 216.4 + 47.7 209.3 + 36.4 199.6 + 31.8
Leucine 132.9 + 53.6 1429 + 28.0 1719+ 26.4 168.7 + 31.3 151.8 + 26.0
Isoleucine 66.0 + 19.7 716224 871219 98.0 + 15.3 79.7 £15.7
Arginine 180.0 + 39.6* 1299 + 27.9 178.4 + 56.7 126.8 + 14.1 126.5 + 36.7
Lysine 298.0+ 714 306.2 + 37.4 338.5 + 49.6 277.0+27.3 317.6 £ 54.9
Histidine 97.4 + 31.6*°¢ 67.1 £5.1° 73.1 £ 7.5 77.6 £ 11.0° 59.7 + 6.1
Threonine 184.9 + 66.7 201.6 £ 53.9 258.5 + 36.2 302.1 + 84.6 240.9 + 64.1
Tryptophane 116.4 £ 36.4"° 73.9 +15.0° 116.2 + 39.4* 113.3 £ 25.9* 81.1+117
Methionine 79.8 + 23.5*° 574 +97 66.2 + 6.2 59.9 + 6.1 52.7 £ 9.3
Tyrosine 251.4 + 94.5% 57 61.0+£ 5.9 83.7 + 27.4° 775+ 4.9 67.2+99
Alanine 998.6 + 404.9*°¢ 347.4 + 58.7° 658.1 + 156.6"* 539.9 + 70.4** 443.6 + 68.7
Glutamic acid 67.6 £ 31.1 104.4 + 26.5* 66.0 £ 29.9 735+ 241 440+ 124
Glutamine 579.6 + 82.0*7 485.5 + 66.2 498.7 + 130.9 459.7 £ 775 4454 + 84.6
Glycine 304.7 + 60.2 211.4 £ 29> 304.1 £ 28.9 330.0+71.7 315.1 £ 56.1
Serine 256.4 + 49.3 192.4 + 38.2 234.8 + 23.9 256.1 + 48.2 226.2 + 31.3
Ornithine 70.3 +£25.2 549 + 20.4 55.2 £ 10.0 51.0+7.7 451 +15.9
Aspartic acid 16779 175+ 3.2 145+ 8.4 19.3+3.7 16.6 9.9
BCA 393.1 £ 141.4 4218 £75.0 475.3+93.5 476.1 + 80.2 431.1+£61.8
AA 390.7 £+ 51.8 1276 £ 7.7 1706 + 47.7 183.0 = 16.0 127.0 £ 16.7

Note. Values are given as mean + SD. Significant differences: * P < 0.05 vs controls (E group); a, b, ¢, d P < 0.05 vs A, B, C, D groups. A =
anemic; B = red blood cell-transfused; C = iron-treated and ad libitum-fed; D = iron-treated pair-fed b/b rats; E = control rats; BCA = branched-
chain amino acids (valine + leucine + isoleucine); AA = aromatic amino acids (phenylalanine + tyrosine).
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Figure 2. Alterations of molar ratio between glycine and branched-
chain amino acid (Gly:BCA), branched-chain and aromatic amino acids
(BCA:AA), and phenylalanine and tyrosine (Phe:Tyr) in the plasma of
the Belgrade b/b laboratory rats. Values are given as mean + SD.
For details, see Legend to Figure 1.

Ala:BCA and BCA:AA molar ratios in the plasma of
anemic b/b rats was observed.

RBC transfusion quickly (within 3 days) and iron
treatment slowly (within 3 weeks) reversed the anemia
in b/b rats (Table I). RBC transfusion normalized both
hemoglobin and hematocrit values as well as the plasma
urea level in b/b rats, but decreased the concentrations
of total proteins and albumin in the plasma (Table I,
Group B). Iron treatment increased the hemoglobin
concentration compared with the anemic animals, nor-
malized hematocrit values, affected protein concentra-

tion, and lowered but did not normalize the urea level
in the plasma (Table I, Group C). The concentrations
of glucose were within control limits in both Groups B
and C. The quantities of creatinine, urea, and 3-meth-
ylhistidine excreted in the urine in Groups B and C
were within control limits (Table II). Both iron treat-
ment and RBC transfusion normalized the plasma con-
centration of total amino acids mainly due to recovery
of the level of nonessential amino acids in the b/b rats
(Fig. 1). In addition, the treatments examined brought
the molar ratio between valine + leucine + isoleucine
and phenylalanine + tyrosine into control limits (Fig.
2). However, compared with the controls, both treat-
ments produced an increase in the molar ratio between
phenylalanine and tyrosine (Fig. 2), indicating in-
creased net protein catabolism in peripheral tissues.

In the group of iron-treated b/b rats pair-fed to the
anemic animals for 3 weeks (Group D), hemoglobin
increased and urea concentration decreased compared
with the anemic animals, while hematocrit values, pro-
tein, and albumin concentrations were normalized (Ta-
ble I). Namely, the observed alterations were like those
in the iron-treated b/b rats fed ad /ibitum throughout
the same period (Table I), although the quantity of feed
consumed during the 3-week period was different (av-
erage amount consumed 184 g and 158 g in Groups C
and D, respectively). Body mass gain in Group D was
similar to that in Group C and significantly above the
values for anemic b/b rats (Table II). The lack of
significant differences in the characteristics of plasma-
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free amino acid pools between Groups C and D (Table
I1I, Figs 1 and 2), regardless of the feed intake during
the 3-week period, indicated that the abnormalities
observed in plasma protein and amino acids in the
anemic b/b rats were not the consequence and reflec-
tion of a smaller feed intake.

Discussion

The present investigations have shown severe dis-
turbances in protein and amino acid metabolism in
anemic b/b rats. Those abnormalities can be ascribed
to: (i) protein and/or calorie malnutrition (16, 17) and
(i1) hypoxia due to severe anemia.

The reduced body mass accompanied with de-
creased concentrations of albumin and total proteins in
plasma, which we found in the b/b rats, could be the
consequence of severe malnutrition (16). The disturbed
molar ratio of nonessential to essential amino acids,
observed in anemic b/b rats, could be ascribed to the
decreased level of protein in the diet (17). However,
our finding that iron-treatment of pair-fed b/b rats
reversed the anemia excludes the possibility that dis-
turbances in plasma amino acids are due to malnutri-
tion, since neither plasma proteins nor the molar ratio
between essential and nonessential amino acids was
altered. The evidence that plasma branched-chain
amino acids, glycine, and their molar ratio were not
altered in anemic b/b rats supported this. Low protein
or protein-free diets lead to a decline in the concentra-
tion of branched chain amino acids, increased glycine,
and a concomitant increase in the molar ratio between
glycine and branched-chain amino acids (Gly:BCA) in
plasma (18). Namely, on the basis of amino acid
changes in the plasma and urine of the anemic and
iron-treated pair-fed b/b rats, the alterations in protein
and amino acid metabolism in anemic b/b rats could
not be explained by differences in exogenous protein
and calorie supplies.

Since long-lasting fasting is associated with reduced
urinary excretion of 3-methylhistidine, i.e., an adaptive
decrease in the rate of catabolism of muscle protein as
starvation progresses (19), it should be expected that
the lower feed intake by anemic b/b rats would be
followed by reduced 3-methylhistidine urinary excre-
tion. On the contrary, in anemic b/b rats, urinary
excretion of 3-methylhistidine, an amino acid with a
specific metabolism (20) widely used for the assessment
of skeletal muscle protein breakdown under different
conditions (21-24), suggests increased skeletal muscle
protein catabolism. The increased plasma concentra-
tion of phenylalanine, an essential amino acid which
cannot be degraded in skeletal muscles but can in the
liver (25), indicates increased protein degradation in
the peripheral tissues of anemic animals, too. Altera-
tions in alanine, glutamine, and urea levels in the
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plasma of anemic b/b rats could be associated with
that, too.

Moreover, we found that the plasma Phe:Tyr ratio,
which characterizes increased muscle protein break-
down (26, 27) in catabolic states of various origins (9,
10), was not elevated, but was even slightly reduced in
anemic b/b rats. This was mainly due to a simultaneous
large increase in the plasma tyrosine level. Such alter-
ations may have been caused by overloading the system
which transformed phenylalanine to tyrosine and by
inhibiting amino acid entrance into the citric acid cycle
in the liver, which occurs in hepatic dysfunction (13).
Severe disturbances in the hepatic energy-producing
system in the laboratory b/b rat were indicated by the
reduced molar ratio between valine + leucine + isoleu-
cine and phenylalanine + tyrosine in the plasma, a
parameter that is positively correlated with the hepatic
mitochondrial redox potential (13). The increased mo-
lar ratio between alanine and branched-chain amino
acids could be a consequence of such alterations, too
(18).

Thus, the derangement of hepatic energy status
seems to be the most important factor in the plasma
amino acid disturbance in the anemic b/b rat. It seems
that the hepatic energy status in the anemic b/b rat is
reduced due to prolonged hypoxia resulting from the
severe anemia. An extremely low arterial oxygen con-
tent has indeed been found in b/b rats (6). Our results
obtained after reversal of the anemia in b/b rats either
by transfusion or by iron treatment showed normali-
zation of almost all disturbances of plasma-free amino
acid pool characteristics, strongly suggesting an associ-
ation with better oxygen supplies to the liver and nor-
malization of the hepatic energy status. These findings
confirmed the role of anemia-derived hypoxia in the
disturbed protein and amino acid metabolism found in
anemic b/b rats.
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