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STELLINGEN 

1. In observationele studies bij mensen is het gevonden verband tussen vitamine-A- en 
ijzerstatus betwistbaar omdat geen rekening is gehouden met infektie. 

2. Door gevoeligheid voor een verstoorde waterbalans bij vitamine-A-tekort, is de rat 
een slecht diermodel voor vitamine-A-deficientie-gei'nduceerde anemie. 
(o.a. dit proefschriftj 

3. Bij studies met jonge ratten naar vitamine-A- en/of ijzerstofwisseling is het 
belangrijk om de voeders van de moeders te standaardiseren. 
(dit proefschriftj 

4. Ferrokinetische studies kunnen uitsluitsel geven over de vraag hoe vitamine-A-tekort 
het metabolisme van rode bloedcellen beTnvloedt. 
(Hoofdstuk 7, dit proefschrift) 

5. Experimentele bevestiging van het veronderstelde "retinoic acid response element" 
in de promoter van het erythropoietine-gen, kan impliceren dat vitamine A de 
synthese van rode bloedcellen beTnvloedt op het nivo van DNA-transcriptie. 
(Hoofdstuk 9, dit proefschrift) 

6. Het schrijven van een algemene discussie voor het proefschrift bevordert het 
psychologisch verwerken van promotieonderzoek. 

7. De voedingskundige van de toekomst zal zich meer moeten verdiepen in de 
genetica. 

8. It is a capital mistake to theorise before one has data; insensibly one begins to twist 
facts to suit theories, instead of theories to suit facts. 
(Sherlock Holmes in 'A scandal in Bohemia', Sir Arthur Conan Doyle) 

9. Proeven waarin veel gemeten wordt, leveren doorgaans weinig op. 

10. Onderzoek is als voetbal: gebrek aan techniek is slechts ten dele te compenseren 
door inzicht en snelheid. 

11. Een werkende vader geniet minder sociale erkenning dan een werkende moeder: 
niemand zal hem vragen hoe hij het toch klaarspeelt, omdat ervan uitgegaan wordt 
dat zijn vrouw wel thuis zal zitten bij de kinderen. 

12. Het argument dat deeltijd werken ten koste gaat van de bereikbaarheid van de 
werknemer, hoor je vaak uit de mond van voltijds werkende mensen die zelf moeilijk 
bereikbaar zijn. 

13. Alleen de wapenindustrie is gebaat bij oorlog. 

Stellingen behorend bij het proefschrift 
Dietary vitamin A and iron metabolism in the rat by Annet J.C. Roodenburg, 
Wageningen, 5 maart 1996. 
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Abstract 

Dietary vitamin A and iron metabolism in the rat 

PhD thesis by Annet J.C. Roodenburg, Wageningen Agricultural University 

The Netherlands. March 5, 1996 

The experiments presented in this thesis were carried out to simulate the 

interrelationship between vitamin A and iron metabolism, which has been 

illustrated in human studies in third world countries and to elucidate underlying 

mechanisms. 

Effects of manipulation with dietary vitamin A on vitamin A and iron status 

were studied in rats. Recurrent effects on iron metabolism with moderate vitamin 

A deficiency were: iron accumulation in spleen and bone; reduction in total iron-

binding capacity, a measure of transferrin and reduced total liver iron, caused by 

a reduction in liver weight. These effects were reversed by vitamin A 

supplementation for 10-12 days. Mild vitamin A deficiency produced anaemia 

followed by increased iron absorption. When vitamin A status further deteriorated, 

haemoglobin concentrations rose, due to haemoconcentration. Rats with chronic 

vitamin A deficiency may be less affected by haemoconcentration. But there was 

no anaemia in mature female rats with stable low plasma retinol levels. 

As to the mechanism by which vitamin A might influence iron metabolism, 

we have speculated that with vitamin A deficiency, blood cell synthesis is 

impaired, leading to increased destruction of malformed red blood cells and 

increased iron stores in the macrophages of bone marrow and spleen. In addition 

synthesis of transferrin might be impaired, possibly at the level of transferrin 

glycosylation. These hypotheses could not be confirmed by measuring transferrin 

glycosylation and indicators of red blood cell synthesis and breakdown in rats fed 

diets deficient in vitamin A. 

Alternatively, transferrin synthesis might be regulated by vitamin A at the 

level of gene transcription. With the use of a gene bank, candidate retinoic acid 

response elements for transferrin and erythropoietin were located. However, it was 

not possible to confirm a role for vitamin A in transferrin gene transcription by 

using cultured liver cells incubated with a\\-trans and 9-c/s retinoic acid. 

Finally, evaluating the rat as animal model it can be deducted from these 

studies that for optimal standardization of experiments with young growing rats 

involving nutrients such as vitamin A and iron, diets fed to their dams should also 

be defined and controlled. 
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General introduction 



Chapter 1 

BACKGROUND 

Nutritional anaemia is the most prevalent nutritional disease in the world. Not 

only iron deficiency causes anaemia, but also deficiencies of vitamin B12, folate and 

vitamin A. Early evidence that vitamin A can contribute to nutritional anaemia 

comes from studies in both man and animals. 

Studies in man 

Blackfan and Wolbach reviewed a collection of 13 case studies of children 

suspected of vitamin A deficiency. In these children anaemia and haemosiderin in 

spleen was observed [1]. Induction of experimental vitamin A deficiency in 10 

human volunteers produced reduced blood haemoglobin levels after a period of 188 

days. Simultaneously, red blood cells were observed that were abnormal in shape 

(poikilocytes) or size (anisocytes) [2]. In a similar experiment with 8 volunteers, 

vitamin A deficiency appeared after 357 to 771 days of consuming diets low in 

vitamin A. The reduction in plasma retinol was accompanied by a reduction in 

blood haemoglobin. The anaemia did not respond to iron treatment, but was 

reversed when B-carotene (pro-vitamin A) was added to the diet [3]. 

More recent evidence has come from studies carried out in children and 

women in third world countries in areas where vitamin A deficiency is endemic. 

Observational studies [3-9] showed that low vitamin A status was associated with 

impaired iron status, whereas intervention studies indicated that supplementation 

with vitamin A improved iron status [4,6,7,10-13]. 

Studies in animals 

The observed interrelation between vitamin A and iron metabolism has been 

studied intensively in animals in order to reveal the mechanisms underlying this 

interaction. In 1922, it was reported that bone marrow of vitamin A deficient rats 

commonly shows a replacement of haematopoietic tissue by patches of gelatinous 

degeneration [14]. Such marked changes were not observed by Wolbach and Howe 

although they did see a reduction in haematopoietic tissue [15]. Mild vitamin A 

deficiency produced anaemia in rats [3,16,17], but when vitamin A deficiency 

became more severe, haemoglobin levels rose [16,17]. Many studies failed to find 

anaemia with vitamin A deficiency in rats, but reported increased blood 
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General introduction 

haemoglobin levels or haematocrit [18-21]. This increased concentration of blood 

components was associated with a disruption of water balance in severe vitamin 

A deficient rats, probably related to growth retardation [20,22]. 

Other changes with vitamin A deficiency in rats are poikilocytosis [17,19], 

reduced plasma iron concentration [17,21] and iron accumulation in liver and 

spleen [17,23-25]. In some studies iron absorption was increased [19,26] and 

incorporation of radioactive iron into red cells was reduced with vitamin A 

deficiency [21]. 

Possible mechanisms 

It has been suggested that vitamin A deficiency impacts on iron metabolism by: 

- impairing erythropoiesis 

- increasing red cell destruction 

- impairing iron mobilization 

The reduced haemoglobin levels or haematocrit measured with vitamin A 

deficiency [3-5,7-9,16,17] and the observed alterations in red blood cell 

morphology [2,17,19] in both man and animals, suggests that red blood cell 

synthesis might be impaired when insufficient vitamin A is available. This was 

supported in studies showing a reduced incorporation of radioactive iron into rat 

red blood cells [21]. 

Reduced haemoglobin levels and increased iron stores in organs measured 

in animals [17,23-25] could be caused by increased red blood cell destruction. 

However, this hypothesis is not supported by the finding that red blood cell 

destruction was not affected when estimated using radiolabeled iron and 

measuring red blood cell osmotic fragility in vitamin A deficient rats [27]. 

Iron mobilization might be impaired in vitamin A deficiency, as is suggested 

by the increased iron stores observed in vitamin A deficient animals. Reduced 

plasma iron levels in humans and rats with low vitamin A status [5,7,9,17,21] or 

increased levels with vitamin A supplementation [4,6,7,10,12] support the 

hypothesis that vitamin A influences iron mobilization. In addition, some studies 

have found a positive association between vitamin A status and total iron-binding 

capacity, the iron transport protein, transferrin, or transferrin saturation [6,7,10]. 

13 



Chapter 1 

OUTLINE OF THIS THESIS 

Using the rat as animal model, the effects of vitamin A deficiency on iron 

metabolism have been studied. Different experimental designs were used to 

optimally mimic the situation described in humans. For defining the rat model 

changes in iron metabolism over time as caused by the development of vitamin A 

deficiency are described. The effects of vitamin A deficiency on iron metabolism 

were compared with those of iron deficiency [chapter 2]. In the following two 

studies both iron and vitamin A intake were manipulated. In these experiments the 

effect of supplementation of vitamin A together with iron was studied in rats with 

reduced vitamin A and iron status [chapters 3 and 4]. Different degrees of vitamin 

A deficiency as caused by different levels of dietary vitamin A in a two-generation 

experimental design and the relation with iron metabolism, is evaluated in chapter 
5. Iron metabolism after long term various low levels of vitamin A intake was 

studied in female rats and evaluated in chapter 6. From the changes in iron 

metabolism measured in chapters 2 to 6 and on the basis of literature data the 

hypotheses were generated. The hypotheses were tested in rat experiments 

[chapters 7 and 8] and in an in vitro study with human liver cells [chapter 9]. In 
chapter 10 the main findings are summarized; the rat model is evaluated with 

respect to the metabolisms of vitamin A and iron. Possible mechanisms are 

discussed, leading to conclusions and directions for further research. 
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CHAPTER 2 

Comparison between time-dependent changes in iron metabolism of 
rats as induced by marginal deficiency of either vitamin A or iron 

ABSTRACT 

To compare the changes in iron metabolism during the development of 

vitamin A and iron deficiency, rats were fed either a control diet with sufficient iron 

(35 mg added iron/kg feed) and retinol (1200 retinol equivalents/kg feed), a diet 

without added vitamin A or a diet with sufficient vitamin A but 3.5 mg added 

iron/kg feed. During a period of 10 weeks, indicators of vitamin A and iron status 

were monitored. Neither vitamin A nor iron deficiency produced clinical signs. Iron 

deficiency induced an immediate fall of blood haemoglobin concentrations. Vitamin 

A deficiency produced a mild anaemia as the first change in iron metabolism, 

pointing to impaired erythropoiesis. This effect was followed by a rise in iron 

absorption and increased amount of iron in spleen. By the end of the study, blood 

haemoglobin, haematocrit, plasma iron and iron content in kidney and femur had 

increased above control levels, while total iron-binding capacity had decreased. We 

speculate that the initial anaemia was masked later by haemoconcentration. The 

decrease in iron mobilization, shown by lower total iron-binding capacity, and the 

increase in iron absorption may have caused the observed continuous rise in tissue 

iron concentration in rats with vitamin A deficiency. In the rats with iron 

deficiency, low tissue iron levels coincided with high iron absorption and high total 

iron-binding capacity. Thus, changes in iron metabolism with vitamin A deficiency 

differed from those with iron deficiency. 

A.J.C. Roodenburg, C.E. West, S. Yu and A.C. Beynen 

British Journal of Nutrition 1994, 7 1 , 687-699 



Chapter 2 

INTRODUCTION 

Observational and experimental studies in humans have shown that lack of 

vitamin A can contribute to the development of anaemia. In 1940, Wagner 

reported that subjects maintained on a vitamin A deficient diet for 6 months 

developed low haemoglobin and haematocrit levels, and concluded that 

haematopoiesis was impaired [1]. In later studies, vitamin A deficiency led to 

moderate anaemia which was refractory to iron but responsive to vitamin A [2,3]. 

A series of correlation studies, mostly in developing countries, has shown a 

positive relationship between serum retinol and haemoglobin levels in non-pregnant 

and non-lactating women [3], pregnant women [4] and children [5-8]. In addition, 

intervention studies in children [5,9-11] and in adults [12] have shown that 

supplementation with vitamin A resulted in increased haemoglobin levels. 

Work to elucidate the mechanisms underlying the development of anaemia 

as induced by vitamin A deficiency, will have to involve the use of laboratory 

animals. However, experiments with laboratory animals were at first confusing 

[13]. As reported in 1926 by Koessler et al., anaemia early in vitamin A deficiency 

in rats is followed by increased haemoglobin levels and haematocrit as the severity 

of vitamin A deficiency developed [14]. This can be explained by water loss as the 

vitamin A deficiency proceeds which leads to haemoconcentration [14-16]. At the 

present time, little is known about the effects of vitamin A deficiency on iron 

metabolism in rats although it would appear that in vitamin A deficiency, iron 

absorption is increased [17,18], liver iron is raised [18-20], and the amount of iron 

in bone is lowered [18]. It is not clear how these changes in iron metabolism are 

interrelated. 

A time-course study on the changes in various aspects of iron metabolism 

which take place during the progression of vitamin A deficiency may allow us to 

distinguish between primary and secondary features of the altered iron metabolism. 

Further clues to the mechanisms underlying the development of altered iron 

metabolism as produced by vitamin A deficiency may be obtained by a comparison 

with the development of the anaemia as induced by iron deficiency. Thus, we have 

compared the time-dependent changes in iron metabolism of weanling rats as 

induced by deficiency of either vitamin A or iron. We chose to produce marginal 

deficiencies of vitamin A and iron because this would limit interference by non­

specific influences on iron metabolism such as those caused by reduced feed intake 

and retarded growth. In addition, marginal deficiencies of vitamin A and iron may 

bear more resemblance to the situation of humans in developing countries than do 

severe deficiencies. Infections are known to interact with both vitamin A and iron 
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metabolism [21] while animals deficient in vitamin A or iron have increased 

sensitivity to infectious agents [22,23]. In the above-mentioned rat studies on 

vitamin A deficiency and iron metabolism, no information about the infectious 

status was provided. Thus, during the course of the present study we regularly 

checked the differential white blood cell counts and have shown that there were 

no signs of infection. 

MATERIALS AND METHODS 

This study was approved and supervised by the animal welfare officer of 

Wageningen Agricultural University. 

Animals, housing and diets 

Male Wistar rats (Cpb:WU), derived from a commercial breeder (Harlan CPB, 

Zeist, The Netherlands), were used. On arrival, the rats, aged 3 weeks, were 

housed in groups of six animals in wire-topped, polycarbonate cages 

( 3 4 . 5 x 2 2 . 5 x 1 6 cm) with a layer of sawdust as bedding. During the pre-

experimental period of 2 weeks, all rats were fed the control diet containing 

adequate amounts of vitamin A (1200 retinol equivalents/kg feed) and iron (35 mg 

added iron/kg feed). The diet (Table 1) was formulated according to the nutrient 

requirements of rats [24]. After the pre-experimental period (day 0), the rats were 

divided into three groups of 96 rats each. The rats were housed in groups of four 

animals in stainless steel cages with wire mesh bases ( 3 0 x 4 2 x 1 9 cm). Mean 

body weights of the rats in the three groups were similar, and so were mean body 

weights per cage. One group continued to receive the control diet and the other 

groups were transferred either to a diet without added vitamin A, or to an iron-

deficient diet containing 3.5 mg added iron/kg feed (Table 1). Analysed iron 

concentrations of the diets were as follows (mg/kg feed): control diet, 38; vitamin 

A deficient diet, 38; iron deficient diet, 10. The purified diets were in powdered 

form and stored at 4°C until fed. The animals had free access to feed and 

demineralised water. Feed intakes, corrected for feed spillage, were measured per 

cage twice weekly, and individual body weights once a week. A regimen of 

controlled light/dark cycle (light on: 0600-1800 h), temperature (20-22°C) and 

relative humidity (50-60%) was maintained in the animal room. 
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Table 1 Composition of the diets 

Ingredients 

Casein (g) 

Maize oil (g) 

Coconut fat (g) 

Glucose (g) 

Cellulose (g) 

CaC03 (g) 

NaH2P04.2H20 (g) 

MgC0 3 (g) 

KCI (g) 

KHCO3 (g) 

FeS04.7H20 (mg) 

Vitamin A preparation t (mg) 

Mineral premix* (g) 

Vitamin premix § (g) 

Control 

diet 

151 

25 

25 

709.2 

30 

12.4 

15.1 

1.4 

1.0 

7.7 

174 

8 

10 

12 

Vitamin A 

deficient 

diet 

151 

25 

25 

709.2 

30 

12.4 

15.1 

1.4 

1.0 

7.7 

174 

-
10 

12 

Iron 

deficient 

diet 

151 

25 

25 

709.2 

30 

12.4 

15.1 

1.4 

1.0 

7.7 

17.4 

8 

10 

12 

t Rovimix A 500R, 1 50 retinol equivalents/mg (F. Hoffmann-La Roche & Co. Ltd, Basle, Switzerland), 

consisting of retinyl acetate and retinyl palmitate; of this preparation 1 200 retinol equivalents/kg feed 

was added as indicated. 

* The mineral premix consisted of (mg): Mn0 2 , 79 ; ZnSO„.H20, 33; NiS04 .6H20, 13; NaF, 2; Kl, 0 .2 ; 

CuS04 .5H20, 15.7; Na2Se03 .5H20, 0 .3; CrCI3.6H20, 1.5; SnCI2.2H20, 1.9; NH4V03 , 0 .2 ; maize meal, 

9853.2. 
§ The vitamin premix consisted of (mg): thiamin, 4 ; riboflavin, 3; niacin, 20 ; D,L-calcium pantothenate, 

17.8; pyridoxine, 6; cyanocobalamin, 50; choline chloride, 2000; folic acid, 1 ; biotin, 2; menadione, 

0 .05; D,L-CT tocopheryl acetate, 60 ; cholecalciferol, 2 (1000 IU); maize meal, 9834.15. 

Collection of samples 

On day 0, 12 animals were killed. After 1, 2, 4 , 6, 8 and 10 weeks, 12 

animals from three cages in each dietary group were killed. For a period of seven 

days prior to being killed, the animals were housed individually in metabolism cages 

(314cm2 x 12 cm). Over the last four days of this period, feed and water intake 

were measured. Faeces and urine of each rat were collected and stored at -20°C 

until analysis. Between 09.00 and 11.00 h, heparinized blood was obtained from 

the non-fasting rats by orbital puncture while they were under diethyl ether 

anaesthesia. The blood was stored at 0°C for haematological examination and 

differential white blood cell counting on the same day. The plasma collected was 
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stored at -20°C until analysis, except for 250 /J\ which was stored at -80°C prior 

to analysis of retinol. Immediately after bleeding, the anaesthetized rats were 

decapitated. The left kidney, liver, spleen and both hindlegs were removed and 

stored at -20°C until analysis. Organs were weighed before storage. After thawing 

and prior to ashing, spleen and liver had been washed with saline and the femur 

was rid of adhering tissue. 

Blood volume determination 

At 4 and 8 weeks of the experimental period, blood volume was determined 

in 9-12 animals of each dietary group using a modified, Evans Blue dye dilution 

method [25,26]. After the induction of anaesthesia with an intramuscular injection 

of 0.3 ml of Hypnorm (10 mg fluanison and 0.315 mg fentanylcitrate/ml, Janssen 

Pharmaceutics, Tilburg, The Netherlands), about 0.6 ml of Evans Blue solution (3 

mg/ml of saline) was injected into the lateral tail vein of the animals. The exact 

volume of dye injected was determined by weighing the syringe before and after 

injection. Complete mixing of the dye in the circulation occurs within 5 min [25], 

and blood samples were taken without anticoagulant after 7, 10, 15 and 22 min 

by orbital puncture. The volume of the first three samples was 0.25 ml and that 

of the last sample was 0.7 ml, part of which was collected in a heparinized vial for 

the determination of haematocrit. Animals were killed by asphyxiation with carbon 

dioxide after blood samples had been taken. After allowing to stand for at least 10 

min, the blood samples were centrifuged (1580 g, 10 min), and the serum obtained 

was diluted 50 fold, and extinction was measured at 620 nm. Standards with a 

known concentration of dye in 50-fold diluted rat serum were used for calibration. 

In order to obtain samples for determination of the background extinction of serum, 

a similar experiment was carried out with 2 rats in which saline without Evans Blue 

was injected. Blood volume was calculated from the zero time value, assuming 

exponential decay of the plasma dye concentration and correcting for the 

haematocrit. The method was checked by measuring blood volume in 7 animals 

after an average blood sample of 1.55 ml/100 g body weight had been taken. In 

these animals, blood volume was found to be 5.16 ml/100 g body weight (SE 

0.18), whereas in 8 non-bled animals blood volume was 6.37 ml/100 g body 

weight (SE 0.15). Thus, the method may underestimate blood volume by about 

20%. This may not distract from the value of the method in comparing blood 

volumes between different groups of rats. 
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Chemical analyses 

Haemoglobin concentration, haematocrit, red blood cell count, mean 

corpuscular haemoglobin concentration and mean cell volume were analysed with 

a blood cell counter (Model K-1000, Sysmex, Usselstein, The Netherlands). 

Differential counting of white blood cells was done in blood smears. 

Plasma iron concentrations and total iron-binding capacity were determined 

spectrophotometrically using a test kit (Roche Nederland, Mijdrecht, The 

Netherlands). Iron was measured by flame atomic absorption spectrometry 

following wet ashing with nitric acid for feed and liver samples and dry ashing for 

faeces, spleen, the left kidney and femur. From each liver, standardized portions 

of the left lateral and median lobe were taken for iron determination. All analyses 

for each rat were carried out singularly, except for liver iron which was done in 

duplicate. Iron in femur was calculated as the mean of values for the left and right 

femur. Absorption of iron was calculated as iron ingested minus that excreted in 

faeces and expressed as percentage of intake. Iron intake and excretion were 

measured over 4-day periods. Negligible amounts of iron were found in urine, and 

the data are thus not given. 

Plasma and liver retinol was measured by reversed phase high performance 

liquid chromatography (HPLC). Plasma (100 //I) was mixed vigorously with ethanol 

(90% v/v, 400 fjL), and after centrifuging (1580 g, 10 min) retinol was determined 

directly in the supernatant and calibrated against solutions of retinol in ethanol 

(72%, v/v). Serum pools with retinol concentrations of 0.63 jumol/L and 2.16 

fjmol/L were used as external controls. Of the two control levels, the between-run 

variation was 9% (low level) and 4 % (high level). The within-run variation was 2% 

(both levels). The combined variation of retinol determination of the two control 

levels was 6% and 4 % (coefficient of variation), respectively. The particulars of 

the HPLC system used were as follows: injection volume, 50 / / I ; pre-column, 10x3 

mm stainless steel packed with Chromguard reversed phase (Chrompack, 

Middelburg, The Netherlands); column, 100x3 mm stainless steel packed with 

Spherisorb-ODS (5//m) cartridge (Chrompack); isocratic pump (Spectra Physics, San 

Jose CA, USA); UV/vis detector (Perkin Elmer, Norwalk CO, USA) with wavelength 

of 325 nm; mobile phase, methanol:water (90:10, v/v); f low rate, 0.4 ml/min; run 

time, 5 min; retention time, 3.5 min. 

Liver total retinol was determined after saponification and extraction. 200 

fj\ liver homogenate (liver:demineralised water, 1:5, w/v) was digested by heating 

at 100°C for 15 min in 1500 fj\ of 0.7 mol/L KOH in 50% ethanol (containing 6 

g/L pyrogallol) and after cooling, the mixture was extracted twice with 4 ml of 

22 



Vitamin A and iron deficiency in time 

hexane. Standards with retinol acetate in ethanol absolute were processed 

identically and used for calibration. The upper layer of hexane extract was removed 

after centrifugation (1580 g, 6 min), and retinol was determined using the HPLC 

method described above, except for the following conditions: injection volume, 20 

/ / I ; mobile phase, methanohwater (95:5, v/v); flow rate, 0.4 ml/min; run time, 3 

min; retention time, 1.6 min. Recovery was determined by adding known amounts 

of retinol acetate to homogenates prior to digestion; it was 90-95%. A pooled liver 

homogenate containing 98 yumol retinol/L was used as an external control. The 

between-run variation was 8% and the within-run variation was 2%. The combined 

variation of retinol determination was 6% (coefficient of variation). 

Statistical analysis 

Groups fed the vitamin A deficient or iron deficient diet were compared with 

the control group. A new variable was calculated, combining time and feed effects 

in a matrix, and used for one-way analysis of variance. Contrasts with pooled 

variances were used for comparison of group means, after checking for normality 

with Kolmogorov-Smirnov goodness of fit tests. All variables were distributed 

normally except for iron in spleen and retinol in liver, which were transformed 

logarithmically before statistical testing. A pre-set p value of 5% was used. 

RESULTS 

Feed intake and body weight 

In rats given the vitamin A deficient diet as compared to control rats, feed 

intake {Figure 1b) started to fall after 8 weeks (p = 0.016), and was further reduced 

after 10 weeks (p<0.001) . Feed intake when expressed per 100 g body weight 

was not depressed (not shown). Water intake in vitamin A deficient rats was 

decreased at week 8 (p = 0.032) and week 10 (p<0.001) (Figure Id). Body weight 

(Figure 1a) was decreased in the vitamin A deficient animals after 10 weeks 

(p =0.005) . Liver weight was decreased by vitamin A deficiency (week 6, 

p < 0 . 0 0 1 ; week 8 and 10, p<0.001) (Figure 1c). The iron deficient diet had no 

effect on body weight and feed intake (Figures 1a, 1b), but reduced liver weight 

from week 2 (p = 0.013) until the end of the study (p<0.001) (Figure 1c). 
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Vitamin A and iron deficiency in time 

Blood volume 

Blood volume, expressed as ml/100 g body weight, measured at week 4 and 

8 was neither affected by the vitamin A deficient diet nor by the iron deficient diet 

(Table 2). There was a decrease in blood volume with age, which has been shown 

earlier [25]. 

Table 2 Blood volume (ml/100 g body weight) in rats fed the experimental diets. 

Period of 

experiment 

Week 4 

Week 8 

Control 

diet 

Mean SE 

8.84 0.27 

7.04 0.21 

Vitamin A 

deficient 

diet 

Mean 

8.60 

7.06 

SE 

0.18 

0.16 

Iron 

deficient 

diet 

Mean SE 

8.24 0.24 

6.55 0.15 

Values represent means and their standard errors for 9-12 rats per group. 

White blood cell counts 

In the course of the experiment, the relative numbers of white blood cells 

were as follows. Granulocytes (basophils, 0%; eosinophils, 0-6%; bandcells, 0-2% 

and polymorphonuclear cells, 1-48%) lymphocytes, 52-99% and monocytes, 0-

1 %. There were no systematic differences between the dietary groups. Differential 

counts of all animals were within the normal range [27]. Thus, no signs of infection 

were detected. 

Vitamin A status 

Total retinol in liver was decreased after 1 week of giving the vitamin A 

deficient diet (p<0.001) (Figure 2b). After 8 weeks, retinol in liver was not 

detectable. Plasma retinol concentration in vitamin A deficient rats declined steadily 

as from week 2 (p<0.001) (Figure 2a). In the iron-deficient group, plasma retinol 

was reduced from week 2 (p< 0.001) and settled at a level which was about 10% 
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lower than that of the control group. Thus, it seems that iron deficiency affected 

vitamin A metabolism because it lowered plasma retinol concentrations as was also 

found by Amine et al. [17]. However at least after 8 weeks, this effect may be 

explained by dilution due to an increase in plasma volume at the expense of blood 

cell volume (see below). 

2.5 

o 
c 

> 

10 
+-» 
, o 

FIGURE 2 Time course of plasma retinol concentrations (panel a) and total liver retinol (panel b) in rats 
fed either the control diet ( • ) , vitamin A deficient diet (o) or iron deficient diet ( A ) . Values represent 
means for 12 rats, with SE indicated as error bars. Differences between vitamin A deficient or iron 
deficient and control groups: + , p < 0 . 0 5 ; #, p < 0 . 0 1 ; * , p < 0 . 0 0 1 . 
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Chapter 2 

Haematology 

Effects of the vitamin A deficient diet on haematological parameters were 

time dependent. Haemoglobin concentrations and haematocrit (Figures 3a,3b) were 

below the control level from week 2 (p = 0.030 and p = 0.046) until week 6 

(p = 0.045 and p > 0 . 0 5 , not significant). Thus, there was a mild anaemia in vitamin 

A deficient rats. However after 6 weeks haemoglobin and haematocrit rose and 

reached a level above that of the control group at 10 weeks (p =0 .008 and 

p > 0 . 0 5 , not significant). No clear effects of vitamin A deficiency on red blood cell 

count (Figure 3c), mean cell volume and mean corpuscular haemoglobin 

concentration were found (not shown). 

Anaemia was induced by iron deficiency. After one week, haemoglobin and 

haematocrit were significantly reduced (Figures 3a, 3b)). Haemoglobin 

concentrations and haematocrit were lowest at week 2 and thereafter levels 

gradually increased, but remained lower than those of the control group 

(p<0.001) . Red blood cell count in iron-deficient rats was reduced during the first 

two weeks (p = 0.032 and p = 0.003), but was increased by the end of the study 

(p<0.001) (Figure 3c). Mean cell volume was reduced during the whole 

experiment (p<0.001) , but mean corpuscular haemoglobin concentration was not 

affected (not shown). 

Plasma iron and total iron-binding capacity 

In the vitamin A deficient group, plasma iron levels were not affected until 

week 10 when there was a rise (p = 0.006). Likewise, transferrin saturation 

suddenly rose at week 10 (p<0.001) (Figures 3d,3f). Total iron-binding capacity 

remained unchanged in vitamin A deficient rats until 10 weeks when it dropped 

(p< 0.001) (Figure 3e). 

The iron deficient diet produced an immediate decrease in plasma iron and 

transferrin saturation and an increase of total iron-binding capacity within one 

week. Both plasma iron and transferrin saturation reached their lowest value after 

2 weeks and then rose to control values at the end of the experimental period. 

Total iron-binding capacity in iron deficient rats peaked after 4 weeks and then 

dropped, but remained higher than control values until the end of the experiment 

(p = 0.008). 
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Iron in organs 

After feeding the vitamin A deficient diet, total iron in liver decreased below 

control levels at week 8 (p =0.020) and dropped further after week 10 (p< 0.001) 

(Figure 4a). This effect can be explained mainly by a reduction of liver weight 

[Figure 1c) because hepatic iron concentrations after 10 weeks were not 

significantly affected by vitamin A deficiency (4.36 (SE 0.1 5) //mol/g dry weight) 

versus control treatment (4.05 (SE 0.20) //mol/g dry weight). The weights of 

spleen and kidney were not affected by the vitamin A deficient diet (not shown). 

Total amounts of iron in spleen (p<0.001) , kidney (p = 0.012) and femur 

(p< 0.001) in vitamin A deficient rats had increased above the control level after 

10 weeks. Total iron content of spleen in vitamin A deficient animals was already 

significantly raised after 8 weeks (p=0.011) (Figures 4b-4d). This can be explained 

by a rise in splenic iron concentration in the vitamin A deficient group (38.7 (SE 

4.5) //mol/g dry weight) versus the control group (27.4 (SE 2.3) //mol/g dry weight) 

at week 8 (p = 0.001). After 10 weeks, iron concentration of both spleen and 

femur were higher in the vitamin A deficient group (72.8 (SE 8.41) and 1.78 (SE 

0.09) //mol/g dry weight, respectively) versus the control group (46.7 (SE 7.27) 

and 1.41 (SE 0.09) //mol/g dry weight, respectively) (p<0.001) . In rats given the 

iron deficient diet, total iron content of liver, spleen, kidney and femur were 

significantly decreased below control levels after one week and remained low until 

the end of the experiment (Figures 4a-4d). This is also demonstrated by the lower 

iron concentrations in these organs after 10 weeks, when compared to the control 

group (p<0.001) (//mol/g dry weight): liver 1.14 (SE 0.02), spleen 9.06 (SE0.31), 

kidney 4.45 (SE 0.21) and femur 0.81 (SE 0.03). For comparison, kidney iron 

concentration in the control group, at week 10 was 5.94 (SE 0.21) //mol/g dry 

weight. 

Iron absorption 

From weeks 2 to 6 of the experiment, the percentage of apparent iron 

absorption fell in the control rats and then remained more or less stable. After 8 

(p = 0.003) and 10 (p< 0.001) weeks, apparent iron absorption was raised in 

vitamin A deficient animals (Figure 5). In iron deficient rats, apparent iron 

absorption was essentially constant during the entire experimental period and was 

significantly higher (p<0.001) than in control rats from 4 weeks (Figure 5). 

30 



Vitamin A and iron deficiency in time 

c 
o 

o w .a 
CO 

c 
o 

4 6 

Time (weeks) 

10 

FIGURE 5 Time course of iron absorption, in rats fed either the control diet (•}, vitamin A deficient diet 
(o) or iron deficient diet ( A ) . Values represent means for 12 rats, with SE indicated as error bars. 
Differences between vitamin A deficient or iron deficient and control groups: # , p < 0 . 0 1 ; * , p < 0 . 0 0 1 . 

DISCUSSION 

This study shows the time course of changes in iron metabolism during the 

development of vitamin A deficiency in rats. No clinical signs nor evidence of 

subclinical infection were observed. In the deficient rats, it was only after 6 to 8 

weeks that body weight and liver weight, feed and water intake declined. Blood 

volume, expressed as ml/100 g body weight, was not affected by feeding the 

vitamin A deficient diet for at least 8 weeks. However, in the course of the 

experiment, plasma retinol concentrations fell steadily and liver retinol stores were 

depleted after 4 weeks. Thus, the rats given the diet without added vitamin A 

could be considered marginally deficient in vitamin A. 

When making measurements on iron metabolism during the development of 

marginal vitamin A deficiency, it is possible to distinguish between primary and 

secondary features of the cascade of changes in iron metabolism. In the vitamin 

A deficient rats, haemoglobin concentrations and haematocrit were slightly, but 

consistently lower than control levels from week 2 to week 6 of the experiment. 

This effect of vitamin A deficiency has been reported earlier [3,18,19,28]. After 
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6 weeks, apparent iron absorption was somewhat higher in the vitamin A deficient 

than in the control rats; this effect became more pronounced later. The observed 

increase in iron absorption as induced by vitamin A deficiency agrees with earlier 

work [ 17,18]. After 8 weeks, vitamin A deficiency was associated with raised iron 

concentrations in liver and spleen. In other studies vitamin A deficiency has been 

shown to produce an increase in liver iron concentrations [19,20,28], but liver 

weights were not reported so that the effect on liver iron mass cannot be 

ascertained. As found in this study, Sijtsma et al. [29] also observed that vitamin 

A deficiency reduced the total iron content of liver. Unlike liver weight, vitamin A 

deficiency did not affect spleen weight. Thus, the increased splenic iron 

concentration, which was also found by Mejfa et al. [19], resulted in raised total 

iron content of spleen. 

When rats had been given the vitamin A deficient diet for 10 weeks, the 

amounts of iron in kidney and femur were higher than in control animals, total iron-

binding capacity was reduced and transferrin saturation was elevated. As far as we 

know, these effects are reported here for the first time. After 10 weeks, 

haemoglobin concentration and plasma iron concentration were all increased above 

control levels. These effects, which have been reported previously [16,17,19,30] 

may be explained by haemoconcentration [15,16,30,31]. We did not measure 

blood volume after 10 weeks, but at that time point, water intake was significantly 

reduced in the vitamin A deficient rats, which could have caused dehydration [3]. 

Thus, four successive stages of changes in iron metabolism may be 

discerned during the development of vitamin A deficiency. The first stage is 

characterized by a slight fall in haemoglobin concentration and haematocrit. During 

the second stage, apparent iron absorption is enhanced. Then, iron concentrations 

in liver and spleen are raised. During the fourth stage, iron in kidney and femur is 

increased and total iron-binding capacity of plasma is decreased. As mentioned, 

many of these changes have been reported earlier, but this study has now 

identified the time course and the sequence of the changes. 

The primary feature of altered iron metabolism in vitamin A deficiency 

probably is impaired erythropoiesis. Indeed, Mejfa et al. [16] found in vitamin A 

deficient rats that the rate of incorporation of intravenously administered 59Fe into 

red blood cells was depressed. The impaired erythropoiesis may stimulate, by some 

unknown mechanism, the absorption of iron. The resulting enhanced influx of 

dietary iron could have produced the higher iron concentrations in liver and spleen 

followed by those in kidney and femur. Since the greater efficiency of iron 

absorption may not overcome the depressed erythropoiesis as induced by vitamin 

A deficiency, iron absorption remains enhanced and iron amounts in spleen, and 
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possibly also in kidney and femur, continue to rise. The excessive iron status thus 

developed, may inhibit transferrin synthesis as reflected by the decrease in total 

iron-binding capacity. Iron leading, which also leads to excessive iron status, has 

been shown to reduce total iron-binding capacity [32]. The observed decrease in 

total iron-binding capacity in vitamin A deficient rats agrees with some studies with 

humans showing a positive relationship between plasma retinol concentration and 

either total iron-binding capacity or transferrin in plasma [5,11], but other studies 

did not find such relationships [4,9]. The reduced plasma concentration of 

transferrin in vitamin A deficient rats might contribute to iron accumulation in 

organs by reducing iron mobilization. 

It is clear that the slight lowering of haemoglobin concentration in early 

vitamin A deficiency has a metabolic basis different from the marked fall in 

haemoglobin seen in the iron deficient rats. The iron deficiency progressed very 

rapidly and thus primary and secondary features are difficult to untangle. It appears 

however, that the initial reduction in haemoglobin concentration was followed by 

an increase in the efficiency of iron absorption. This partly corrected haemoglobin, 

plasma iron concentrations, transferrin saturation and haematocrit, during the 

course of the experiment, but was not sufficient to raise tissue iron concentrations 

to control levels. In vitamin A deficiency, in contrast to iron deficiency, the 

increase in apparent iron absorption was associated with increased tissue iron 

concentrations. 

In summary, we have provided evidence that the anaemia often seen in 

marginal vitamin A deficiency in both man [3-8] and rats [3,16,18] is not caused 

by impaired intestinal absorption of dietary iron and thus has features different 

from those in iron deficiency. In fact, vitamin A deficiency is associated with 

adequate iron status as based on tissue iron concentrations, which is caused by 

enhanced iron absorption. This would suggest that the primary derailment of iron 

metabolism in marginal vitamin A deficiency probably is impaired erythropoiesis. 
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CHAPTER 3 

Vitamin A status affects the efficacy of iron repletion in rats with 
mild iron deficiency 

ABSTRACT 

In populations with vitamin A deficiency, vitamin A administration in addition 

to supplemental iron has been shown to further improve blood indicators of iron 

status. To obtain clues to associated changes at the level of organ indicators of 

iron status, we have attempted to mimic previous human studies in a rat model. 

The influence of vitamin A on selected indices of iron metabolism was studied 

during iron repletion of rats with mild iron deficiency combined with either vitamin 

A deficiency or normal vitamin A status. In the vitamin A deficient rats, but not in 

those with normal vitamin A status, the administration of vitamin A raised body 

weight and liver weight. Vitamin A administration also raised total iron-binding 

capacity and plasma iron concentrations but depressed iron concentrations in liver, 

kidney, spleen and bone in the vitamin A deficient rats. We conclude that vitamin 

A administration to rats with both vitamin A and iron deficiency enhances the 

utilization of iron. 

A.J.C. Roodenburg, C.E. West and A.C. Beynen 

Journal of Nutritional Biochemistry 1996, in press 
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INTRODUCTION 

Studies with children [1-4] and pregnant women [5] have shown that 

vitamin A deficiency is associated with impaired iron status, while vitamin A 

supplementation produced an increase in blood haemoglobin concentrations [2,6-

10]. The mechanism by which vitamin A affects iron metabolism is poorly 

understood. Vitamin A deficiency in rats may impair erythropoiesis [11,12,chapter 
2] but increased iron concentrations in liver [13-15] and spleen [12,13,chapter 2] 

may point to disturbed iron transport. 

The administration of vitamin A in addition to supplemental iron has been 

found to enhance the response of serum iron concentration, transferrin saturation 

and blood haemoglobin concentration in children and pregnant women with low 

vitamin A and iron status [8,10]. This suggests that vitamin A improves the 

utilization of ingested iron and affects iron concentrations of organs. To test this 

hypothesis and to develop an animal model for studying the underlying 

mechanisms, we examined the influence of vitamin A administration on selected 

indices of iron metabolism during iron repletion in rats with mild iron deficiency. 

Because the effect of vitamin A administration may depend on the vitamin A status 

of the rats, we used rats with either normal or low vitamin A status. 

In vitamin A supplementation studies with children, growth has been found 

to be enhanced [7,16] which in turn might influence the observed interrelationship 

between vitamin A and iron metabolism. In order to mimic the situation in children, 

we allowed our rats to have access to feed ad libitum so that not only feed 

composition but also feed intake could influence growth. Any confounding effects 

of growth on iron parameters were assessed by using body weight as a covariate 

in the statistical analysis. 

METHODS 

This experiment was approved and supervised by the animal welfare officer 

of Wageningen Agricultural University. 

Animals, diets and housing 

Seventy-two, three-week old male Wistar rats (Cpb:WU) were purchased 

from a commercial breeder (Harlan CPB, Zeist, The Netherlands). They were divided 
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into two groups of 36, matched for body weight. The experimental design is 

illustrated in Figure 1. During the first experimental phase of 25 days (Figure 1), 

one group was fed a diet with adequate vitamin A (1200 retinol equivalents/kg) 

and iron (35 mg/kg). The other group was fed a diet without vitamin A but wi th 

adequate iron. The diet adequate in vitamin A was formulated according to the 

nutrient requirements of rats (National Research Council) [17]. The diets were in 

the form of powder and stored at 4°C until used for feeding. 

Iron-depletion 
period 

Repletion 
period 

Dietary-
iron 
(mg/kg) 

35 35 

1200 RE/kg 1200 RE/kg 
1200 RE/kg 

0 RE/kg 

0 RE/kg 0 RE/kg 
1200 RE/kg 

0 RE/kg 

Blood sample 

25 39 
Time (days) 

— I -

60 72 

FIGURE 1 Experimental design: During the first experimental phase, two groups of 36 rats were fed 
different levels of dietary vitamin A. From day 25, when the rats were 45 days old until day 60 , all rats 
were maintained on an iron-depletion diet, followed by an iron-repletion period (days 60 to 72). 
Simultaneously, vitamin A intake was varied so that during the repletion period there were four groups 
each of 18, differing in vitamin A intake during the periods. The rats were killed on day 72 for the 
removal of tissues. The diets used differed in vitamin A and iron content only. In the figure the amounts 
are indicated as retinol equivalents (RE) and mg iron/kg feed. The amount of vitamin A, added to the 
diets as Rovimix A 500" (150 RE/mg, F. Hoffmann-La Roche & Co. Ltd, Basle, Switzerland, consisting 
of retinyl acetate and retinyl palmitate) was 1200 RE/kg. For the vitamin A deficient diets, no vitamin 
A was added. Per kg iron-sufficient diet, 174 mg FeS04 .7H20 was added. No iron was added to the 
diet low in iron. All diets contained (g/kg feed): casein, 1 5 1 ; maize oil, 25; coconut fat, 25; glucose, 
709.2; cellulose, 30 ; CaC03 , 12.4; NaH2P04 .2H20, 15 .1 ; MgC03 , 1.4; KCI, 1.0; KHC03 , 7.7; mineral 
premix (iron-free), 10; vitamin premix (vitamin A-freel, 12. The mineral premix consisted of (mg): Mn0 2 , 
79; ZnS04 .H20, 33; NiS04 .6H20, 13; NaF, 2; Kl, 0.2; CuS04 .5H20, 15.7; Na2Se03 .5H20, 0 .3; 
CrCI3.6H20, 1.5; SnCI2 .2H20, 1.9; NH4V03 , 0 .2; maize meal, 9853.2. The vitamin premix consisted 
of (mg): thiamin, 4 ; riboflavin, 3; niacin, 20; D,L-calcium pantothenate, 17.8; pyridoxine, 6; 
cyanocobalamin, 50; choline chloride, 2000; folic acid, 1; biotin, 2; menadione, 0.05; D.L-o tocopheryl 
acetate, 60; cholecalciferol, 2 (1000 IU); maize meal, 9834.15. 

On day 25 (Figure 1), when the rats were about 45 days old, a blood sample 
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was taken for haematological examination and analysis of plasma retinol. Ail 

animals entered the iron-depletion period and continued to receive their respective 

diets, except that iron was omitted (Figure 1). On days 39 and 60 (Figure 1), blood 

samples were taken again for haematological examination and analysis of plasma 

retinol. 

On day 60 when the iron-repletion period started, both the vitamin A 

deficient and sufficient groups were divided into two groups each of 18 rats, which 

were matched for body weight and haemoglobin concentration. Within each group 

of rats with identical dietary history, half were fed an iron-sufficient diet with 1200 

RE/kg and the other half were given the same diet but without added vitamin A 

(Figure 1). After a further 12 days (day 72) all animals were killed and blood and 

organs were collected for analysis. 

All animals had free access to food and demineralized water. Body weight 

was measured once a week and feed intake twice weekly. The iron concentration 

of the diets as analyzed was 10 mg/kg for the low iron diets and 43 mg/kg for the 

diets with adequate iron. The rats were housed in groups of four in stainless steel 

cages with wire mesh bases (30x42x19 cm). A controlled 12 hours light/dark cycle 

(light on: 0600-1800 h), temperature (20-22°C) and relative humidity (50-60%) 

were maintained in the animal room. 

Collection of samples 

Blood was collected in heparinized vials by orbital puncture while the rats 

were under diethyl ether anaesthesia. The blood was stored at 0°C for 

hematological examination on the same day. Then, plasma was isolated by 

centrifugation (10 min, 1580 g) and stored at -20°C until analysis, except for a 

portion which was stored at -80°C prior to analysis of retinol. On day 72 (Figure 

1), the anaesthetized rats were decapitated immediately after bleeding. The left 

kidney, liver, spleen and both hindlegs were removed and stored at -20°C until 

analysis. Organs were weighed before storage. 

Chemical analyses 

Haemoglobin concentration, haematocrit, red blood cell count and mean cell 

volume were analyzed with a blood cell counter (Model K-1000, Sysmex, 

Usselstein, The Netherlands). Plasma iron concentrations and total iron-binding 
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capacity were determined spectrophotometrically using a test kit (Roche Nederland, 

Mijdrecht, The Netherlands). Iron in liver, spleen, kidney and tibia was measured 

by flame atomic absorption spectrometry after dry ashing of the samples. Prior to 

ashing, spleen and liver were washed with saline, and liver was homogenized as 

described elsewhere [12,chapter 2]. Tibia iron was calculated as the mean of left 

and right tibia. Plasma and liver retinol were measured by reversed phase high 

performance liquid chromatography (HPLC) as described previously [12,chapter 2]. 

Statistical analysis 

The data for days 25 and 39 (Figure 1) were subjected to one-way analysis 

of variance with feed composition as independent variable. Contrasts with pooled 

variances were used for comparison of group means (Student's t-test). For 

comparison of group means of data for days 60 and 72, a multiple comparison test 

(Tukey-test) was used after demonstration of a significant diet effect using one­

way analysis of variance. The data for day 72 were also subjected to a two-way 

analysis of variance with previous vitamin A intake (prior to day 60) and vitamin 

A supplementation during iron-repletion (day 60 to 72) as independent variables. 

The two-way analysis of variance for all iron parameters and organ weights was 

done without or with body weight at day 72 as a covariate. Prior to the analysis 

with the covariate, we checked for any interaction between the independent 

variables and the covariate. No significant interactions were found. When body 

weight as covariate contributed significantly to the explained variance, the adjusted 

means are also given. If the variances were not homogeneous (Cochran's-C test), 

the data were log-transformed prior to statistical testing. A pre-set p value of 5% 

was used throughout. Data were analyzed using the of SPSS/PC + software 

package [18]. 

RESULTS 

Body weight and feed intake 

On days 25 and 39, there was no effect of the lack of dietary vitamin A on 

body weight (Table 1) and feed intake (not shown). On day 60, body weight (Table 

1) was significantly reduced in the vitamin A deficient rats. Average feed intake per 

animal from days 53-60 was 13.9 g/d in vitamin A deficient and 17.3 g/d in the 
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vitamin A sufficient rats (Student's t test, p < 0 .001 ; pooled SE =0 .3 g/d; n = 9 

cages with 4 rats each). 

Body weights were increased in the rats transferred from the vitamin A 

deficient diet to the diet containing vitamin A during the final 12 days of the 

experiment. The rats deprived of vitamin A throughout the experiment did not grow 

during the iron-repletion period (Table 1) and ate less than those in the other 

groups. In the vitamin A deprived rats feed intake per animal, as measured on days 

65-72, was on average 12.3 g/d (n = 5 cages with 4 or 2 rats) whereas it was 

18.3 g/d in the other groups (n = 15 cages with 4 or 2 rats) given vitamin A during 

any phase of the experiment (Student's t-test, p < 0 . 0 0 1 ; pooled SE = 0.2 g/d). 

Vitamin A status 

On days 25 and 39, plasma retinol concentration was reduced in the rats fed 

the diet without vitamin A (Figure 2). On day 60, plasma retinol concentrations 

were significantly reduced in the vitamin A deficient rats (Figure 2). 

The rats transferred from the diet deficient in vitamin A to the diet 

containing vitamin A during the final 12 days of the experiment had increased 

concentrations of retinol in liver (Table 2) and almost normal plasma retinol 

concentrations (Figure 2). In the rats transferred from the diet sufficient in vitamin 

A to a deficient diet, hepatic retinol concentrations were reduced (Table 2). The 

group deprived of vitamin A throughout the experiment had, on day 72, low liver 

weights, vitamin A in liver less than the level of detection with the method used 

(Table 2), and very low plasma retinol concentrations (Figure 2). 

Haematology 

On days 25 and 39, there was no effect of the lack of vitamin A on 

haemoglobin concentration, red blood cell count and mean cell volume (Table 1). 

A small reduction in haematocrit was seen on day 25, but this had disappeared by 

day 39 (Table 1). On day 60, at the end of the iron-depletion period, haemoglobin 

concentration, haematocrit and red blood cell count were generally higher in the 

groups fed the vitamin A deficient diet before iron repletion (Table 1). Mean cell 

volume had decreased during the iron-depletion period, but there was no effect of 

vitamin A status (Table 1). After iron repletion (day 72), haemoglobin 

concentrations, haematocrit and red blood cell count were reduced by simultaneous 
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vitamin A administration in the vitamin A deficient but not in the vitamin A 

sufficient animals (Table 1). Mean cell volume was increased by vitamin A 

administration in the vitamin A deficient animals (Table 1). The effects on mean 

cell volume were slightly, but significantly influenced by body weight as shown by 

analysis of variance. 

Plasma ret inol (//mol/L) 

~a 

25 39 60 

Time (days) 

FIGURE 2 Plasma retinol concentrations throughout the experiment. The vitamin A sufficient group (•) 
was fed adequate vitamin A (1200 RE/kg feed) from day 0 to 60 {Figure 1). The vitamin A deficient 
group (O) received no vitamin A from day 0 to 60 . From day 25 to 60 all animals were fed diets 
without added iron. The solid lines ( ) represent groups that received adequate vitamin A (1200 
RE/kg feed); the broken lines (-—) correspond to the groups that received no dietary vitamin A. The 
number of rats per group from days 0 to 60 was 36. During the last 12 days of the experiment each 
of the four groups comprised 18 animals. 
Statistically significant differences between groups at the same time point as based on contrasts (days 
25, 39 and 60) or Tukey's multiple comparison test (day 72) are indicated by different letters (p < 0.05). 
Analysis of variance for the data from day 72 showed significant effects of body weight (p< 0.001) as 
a covariate, vitamin A intake prior to day 60 (p< 0.001), vitamin A administration during iron repletion 
(p< 0.001), their interaction (p< 0.001). The adjusted means for the levels at day 72 were 1.65, 1.50, 
1.41 and 0.14/imol/L. Values at days 60 and 72 were log-transformed prior to statistical testing. 
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Table 2 Liver retinol levels and liver wet weight after iron repletion (d 72). 

Dietary 

Vitamin A, 

RE/kg 

d 0-60 d 60-72 

1200 1200 

1200 0 

0 1200 

0 0 

Pooled SE 

Analysis of variance. D value* 

Body weight at d 72 

Previous vitamin A feeding 

Vitamin A feeding during 

iron-repletion 

Interaction 

Liver retinol 

concentration. 

/vmol/g wet weight t 

0.119a 

0 .081" 

0.015° 

N D " 

0.002 

NS 

<0 .001 

<0 .001 

<0 .001 

Liver 

wet weight, 

9 

12.08 

11.8ab 

11.0" 

7.4C 

0.3 

<0 .001 

<0 .001 

<0 .001 

<0 .001 

(11.1)* 

(11.0) 

(11.0) 

(9 .0) 

(<0 .001) 

( < 0.001) 

K 0 . 0 0 1 ) 

Values represent means and pooled SEs (n = 18). Values in a column not sharing the same superscript 

letter are significantly different (p<0.05) . ND = not detectable, t Values are log-transformed prior to 

statistical testing, unadjusted means are given. * When the covariate "body weight at d 72 " contributed 

significantly to the explained variance adjusted means are given in parentheses. * Analysis of variance 

wi th previous vitamin A feeding and vitamin A feeding during iron repletion as independent variables 

without or w i th body weight at d 72 as covariate. When the covariate contributed significantly to the 

explained variance, the matching p values are given in parentheses. NS = not significant. 

Total iron-binding capacity, plasma iron, transferrin saturation. 

On day 72 (Figure 1), total iron-binding capacity and plasma iron 

concentration were reduced by about 20% in the animals that were deprived of 

vitamin A throughout the entire experiment (Table 3). Administration of vitamin A 

during iron repletion significantly raised total iron-binding capacity and plasma iron 

in the vitamin A deficient rats but had no effect in their vitamin A sufficient 

counterparts. However, total iron-binding capacity in the vitamin A deficient rats 

supplemented with vitamin A remained below the level seen in the vitamin A 

sufficient groups. After correction for body weight, the effect of vitamin A feeding 

on plasma iron concentrations disappeared but that on total iron-binding capacity 

remained statistically significant. Transferrin saturation was not affected by the 

dietary regimes (Table 3). 
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