
ABSTRACT: The synthesis of docosahexaenoic (DHA, 22:6n-3)
and Osbond acid (OA, 22:5n-6) is regulated by the heterodimer
of peroxisome proliferator-activated receptor and retinoid X re-
ceptor (RXR). 9-Cis retinoic acid, a metabolite of vitamin A, is the
most potent ligand of RXR. We tested whether vitamin A defi-
ciency impairs DHA and OA synthesis in rats fed a vitamin
A- and α-linolenic acid (ALA)-sufficient (VASALAS), vitamin
A-sufficient and ALA-deficient (VASALAD), vitamin A–deficient
and ALA-sufficient (VADALAS), or vitamin A- and ALA-deficient
(VADALAD) diet. After 7 wk of feeding, liver and colon choline
(CPG) and ethanolamine (EPG) phosphoglyceride FA were ana-
lyzed. The VADALAS compared with the VASALAS rats had ele-
vated levels of both DHA (P < 0.05) and OA (P < 0.005) in liver
CPG and EPG. In contrast, the VADALAD group had a lower
DHA (P < 0.01) and higher OA (P < 0.005) level in CPG and EPG
of both tissues than their VASALAD counterparts. ALA deficiency
reduced DHA and enhanced OA levels in liver and colon CPG
and EPG in both the vitamin A-sufficient (VASALAS vs. VASALAD)
and -deficient (VADALAS vs. VADALAD) rats (P < 0.005). The
study demonstrates that ALA deficiency reduced DHA and en-
hanced OA levels in tissue membranes, and dietary vitamin A de-
ficiency has a profound effect on membrane DHA and OA in rat
tissues. Both vitamin A and DHA are involved in a myriad of vital
physiological functions pertaining to growth and development
and health. Hence, there is a need for a further study to unravel
the mechanism by which vitamin A influences membrane DHA
and OA.
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DHA (20:6n-3) is a major constituent of neural and retinal
membrane lipids (1,2). In addition, it is present in appreciable
proportions in other cell and subcellular membranes (3,4).

Membrane DHA is obtained either preformed from animal
products, particularly from fish, shellfish, and fish oil, or from
α-linolenic acid (ALA, 18:3n-3) by de novo synthesis. It is gen-

erally accepted that the synthesis of DHA from ALA involves
a series of elongation and desaturation steps in endoplasmic
reticulum followed by a final single step β-oxidation reaction
in the peroxisomes (5–7) (Scheme 1). Osbond acid (OA, 22:5n-
6) is also thought to be synthesized from its precursor FA,
linoleic acid (LA, 18:2n-6), by the same pathway, following
elongation, desaturation, and β-oxidation reactions.

The activation of peroxisome proliferator-activated (PPAR)
and retinoid X (RXR) receptors is imperative for the prolifera-
tion of peroxisomes and activation of the key enzymes in-
volved in peroxisomal β-oxidation. On activation by a specific
ligand, PPAR form a heterodimer complex (PPAR-RXR) with
activated RXR and subsequently bind to specific DNA se-
quences and initiate inducible transcriptional activity (8–11).
The heterodimer PPAR-RXR also has been shown to up-regu-
late the activity of ∆6 and ∆5 desaturases (12), enzymes that
are vital for the synthesis of the long-chain n-6 and n-3 FA, in-
cluding DHA and OA.

PPAR are members of the intracellular type II nuclear hor-
mone receptor superfamily. Three subtypes have been identi-
fied, PPARα, PPARβ/PPARδ, and PPARγ (13). They are acti-
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vated by polyunsaturated, conjugated, and branched FA, eicos-
anoids, and synthetic ligands such as fibrates (14). In contrast
to PPAR, RXR is activated primarily by 9-cis retinoic acid,
which is a metabolite of vitamin A (8,9), and by phytanic acid
with a low affinity (15).

Previously (16), we showed that vitamin A deficiency en-
hances OA and reduces DHA levels in liver and colon choline
(CPG) and ethanolamine (EPG) phosphoglycerides in rats fed
a diet deficient in n-3 and sufficient in n-6 FA. The finding was
rather intriguing since vitamin A deficiency would have been
expected to reduce the levels of both DHA and OA owing to a
reduction of activation of RXR and consequently impaired per-
oxisomal proliferation. In the current study, we have investi-
gated the effect of vitamin A deficiency on levels of DHA and
OA in liver and colon phosphoglycerides in rats fed a diet suf-
ficient or deficient in n-3 FA.

EXPERIMENTAL PROCEDURES

Animals. Pathogen-free, weanling male Wistar rats (n = 24)
were obtained from the Harlan laboratory, The Weizmann In-
stitute of Science, Rehovot, Israel. They were housed in metal
cages in a room with controlled temperature (22 ± 2°C), RH
(65 ± 5%), and light (0800–2000 h).

Diets. Twenty-four rats were randomly distributed into four
groups and fed one of the following diets: vitamin A- and α-
linolenic acid (ALA)-deficient (VADALAD, n = 6), vitamin A-
deficient and ALA-sufficient (VADALAS, n = 6), vitamin A-
sufficient and ALA-deficient (VASALAD, n = 6), or vitamin
A- and ALA-sufficient (VASALAS, n = 6). The diet, which
was obtained from ICN Nutritional Biochemicals (Costa Mesa,
CA) (cat. no. 960220) contained 9% fat, 20% protein, and 60%
carbohydrate (Tables 1 and 2). With the exceptions of vitamin
A and n-6 and n-3 FA, the four diets had optimal and compara-
ble amounts of vitamins and trace elements. The linoleic
acid/ALA ratio of the ALA-sufficient diet was 7:1 and that of
the ALA-deficient, 170:1. The rats had free access to their re-
spective diets and water. Their food consumption was moni-
tored daily, and they were weighed every other day.

After they were fed for 7 wk, at which time the liver vita-
min A concentration of the deficient group was lower than 5

µg/g liver, the rats were sacrificed by decapitation and colon
and liver tissues were removed for analyses. All procedures
were conducted with full compliance to the guidelines of the
Ethics Committee and Policy of Animal Care and Use of the
Hebrew University.

Analysis of lipids and FA. A method modified from Folch
et al. (17) was used to extract liver and colon total lipids. The
tissues were homogenized in chloroform and methanol (2:1
vol/vol) containing 0.01% BHT as an antioxidant under N2.
Phosphoglyceride classes were separated by TLC on silica
gel plates (Merck KGaA, Darmstadt, Germany) by the use of
these developing solvents: Chloroform, methanol, and water
(60:30:4 by vol) containing 0.01% BHT. CPG and EPG bands
were detected by spraying with a methanolic solution of 2,7-
dichlorofluorescein (0.01% wt/vol) and identified by the use
of authentic standards.

FAME were prepared by heating the CPG and EPG with 5
mL of 15% acetyl chloride in methanol in a sealed vial at
70°C for 3 h under N2. FAME were separated by a gas–liquid
chromatograph (HRGC MEGA-2 Series; Fisons Instruments,
Milan,Italy) fitted with a BP-20 capillary column (30 m ×
0.32 mm i.d., 0.25 µm film; SGE Ltd., Milton Keynes, United
Kingdom). Hydrogen was used as a carrier gas. It has a broad
minimum van Deemter profile, which is vital for optimal per-
formance, as compared with helium and nitrogen. In addition,
it has faster diffusion and lower viscosity than the latter gases.
The injector, oven, and detector temperatures were 235, 210,
and 260°C. The FAME were identified by comparison of re-
tention times with authentic standards and interpretation of
ECL values. Peak areas were quantified by computer software
(EZChrom Chromatography Data System; Scientific Soft-
ware, Inc., San Ramon, CA).

Analysis of liver vitamin A. The liver specimen, 100 mg,
was thoroughly minced, flushed with nitrogen, and saponified
with a 50% ethanolic potassium hydroxide (BDH Chemicals,
Poole, United Kingdom) for 25 min at 60°C. The saponified
sample was cooled, diluted with de-ionized water, and neu-
tralized with hydrochloric acid (BDH Chemicals). Extraction
of vitamin A was carried out with 2 mL of hexane for 5 min
on a Rotamixer Shaker (Baird and Tatlock, Ramford, Essex,
United Kingdom). After centrifugation at 800 × g for 15 min,
the upper organic layer containing vitamin A was transferred
to a brown glass tube and subsequently evaporated to dryness
on a water bath at 37°C under a stream of nitrogen. The re-
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TABLE 1
Gross Nutrient Composition of the Vitamin A-Sufficient (VAS) 
and -Deficient (VAD) Diets

Ingredients VAD (g/kg diet) VAS (g/kg diet)

Casein, vitamin-free 200.0 200.0
DL-Methionine 3.0 3.0
Sucrose 437.98 437.98
Corn starch 200.0 200.0
Oils 90.0 90.0
Cellulose (fiber) 30.0 30.0
Mineral mix, AIN-76 (170915) 35.0 35.0
Calcium carbonate, CaCO3 4.0 4.0
Vitamin A (IU) 0 19825
Vitamin mix, Teklad (40060) 10.0 10.0
Ethoxyquin (antioxidant) 0.016 0.016

TABLE 2
Percent FA Composition of the αα-Linolenic Acid (ALA)-Deficient
(ALAD) and -Sufficient (ALAS) Diets

FA ALAD (% of total FA) ALAS (% of total FA)

14:0 1.12 0.976
16:0 21.85 19.44
18:0 2.31 2.49
18:1n-9 18.81 19.25
18:2n-6 53.09 49.21
18:3n-3 0.31 6.82
18:2n-6/18:3n-3 170:1 7:1



sulting vitamin A residue was redissolved in 100 µL methanol
(BDH Chemicals) and a 25-µL aliquot taken for analysis. The
entire extraction procedure was carried out under subdued
light.

The extracted vitamin A was separated by HPLC (Agilent
1100 series; Agilent Technologies, Waldbronn, Germany) con-
nected to a 250 × 4.6 mm and a 5 µ SphereClone ODS re-
versed-phase column (Phenomenex, Macclesfield, Cheshire,
United Kingdom) and detected at 325 nm with a multiple
wavelength diode array detector (Agilent 1100 series). It was
eluted with acetonitrile/dichloromethane/methanol (75:15:10).
Retinyl acetate was used as an internal standard. Vitamin A
concentration was computed from a linear graph of retinol ex-
ternal standards. ChemStation data system version A10.01
(Agilent Technologies) was used for peak area measurement
and quantification.

Data analyses. The data are expressed as mean ± SD. The
Kruskal–Wallis one-way ANOVA nonparametric method was
used to compare liver and colon FA levels of the four dietary
groups. Differences between two dietary groups were analyzed

by the Mann–Whitney U nonparametric test. All the statistical
analyses were performed by the use of SPSS software for Win-
dows, Release 10 (SPSS, Chicago, IL).

RESULTS

Food consumption and weight gain. The food consumption of
the VADALAD and VADALAS groups was lower (P < 0.05)
than that of the VASALAD and VASALAS groups (Table 3).
No difference in food consumption was found between
VADALAD and VADALAS, and between VASALAS and
VASALAD, respectively.

Consistent with change of the food consumption, the
weight gain of the VADALAD and VADALAS groups was
lower (P < 0.005) than that of the VASALAD and VASALAS
groups (Table 3). No difference in weight gain was observed
between VADALAD and VADALAS, and between VASALAS
and VASALAD, respectively. Moreover, no difference in liver
somatic index was found among VADALAS, VASALAS,
VADALAD, and VASALAD groups.
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TABLE 3
Food Consumption, Weight Gain, Liver Vitamin A Concentration, and Somatic Indexa

VADALAS VASALAS VADALAD VASALAD 
(n = 6) (n = 6) (n = 6) (n = 6)

Food consumption (g/d) 13.6 ± 1.1 17.7 ± 1.1 13.5 ± 0.9 18.6 ± 1.4  
Weight gain (g/wk) 32.9 ± 5.2 41.2 ± 5.2 32.1 ± 4.4 41.5 ± 7.8  
Liver vitamin A (µg/g liver) <5 271.1 <5 296.4  
Liver somatic index 
(liver/body weight) 3.4 ± 0.4 3.3 ± 0.3 3.4 ± 0.3 3.7 ± 0.6

aVADALAD, vitamin A- and ALA-deficient; VADALAS, vitamin A-deficient and ALA-sufficient;
VASALAD, vitamin A-sufficient and ALA-deficient; VASALAS, vitamin A- and ALA-sufficient.

TABLE 4
Liver Choline Phosphoglyceride FA (%) of the Rats Fed an ALA-Adequate or -Deficient Diet With or Without
Vitamin Aa

VADALAS  VASALAS  VADALAD  VASALAD  
FA (n = 6) (n = 6) (n = 6) (n = 6)

16:0 26.68 ± 1.57b,c 20.42 ± 1.33a,c,d 24.67 ± 0.86a,b 25.19 ± 1.98b

18:0 16.82 ± 2.46d 15.35 ± 2.38d 16.32 ± 1.37d 20.85 ± 1.57a,b,c

Σ Saturates 43.77 ± 1.74b,c,d 36.15 ± 1.10a,c,d 41.30 ± 1.14a,b,d 46.31 ± 1.10a,b,c

18:1n-9 5.00 ± 1.06b,d 6.61 ± 0.89a,d 5.89 ± 0.34d 3.60 ± 0.70a,b,c

18:1n-9 +18:1n-7 7.44 ± 1.75b 11.31 ± 1.78a,c,d 8.56 ± 1.87b,d 5.80 ± 0.74b,c

Σ Monoenes 8.74 ± 1.27b,d 13.08 ± 2.46a,c,d 9.44 ± 2.10b,d 6.68 ± 0.93a,b,c

18:2n-6 16.01 ± 2.80b 21.43 ± 2.09a,c,d 15.86 ± 2.60b 14.56 ± 1.37b

18:3n-6 0.15 ± 0.02b,c 0.35 ± 0.06a,c,d 0.42 ± 0.04a,b,d 0.19 ± 0.05b,c

20:3n-6 0.46 ± 0.08d 0.56 ± 0.16c,d 0.37 ± 0.06b,d 0.19 ± 0.05a,b,c

20:4n-6 19.42 ± 2.14d 21.76 ± 1.78d 21.45 ± 1.47d 26.27 ± 1.68a,b,c

22:4n-6 0.24 ± 0.04b,c 0.13 ± 0.03a,c,d 0.97 ± 0.20a,b,d 0.25 ± 0.03b,c

22:5n-6 0.55 ± 0.07b,c,d 0.06 ± 0.05a,c,d 7.01 ± 1.10a,b,d 1.80 ± 0.41a,b,c

Σ n-6 37.40 ± 1.32b,c,d 44.95 ± 2.03a 46.65 ± 1.79a,d 43.52 ± 1.24a,c

18:3n-3 0.35 ± 0.19b 0.81 ± 0.27a —b —
20:5n-3 0.05 ± 0.03b 0.47 ± 0.10a — —
22:5n-3 0.72 ± 0.15b,c,d 0.48 ± 0.09a,c,d 0.10 ± 0.03a,b 0.12 ± 0.01a,b

22:6n-3 6.01 ± 0.88b,c,d 2.69 ± 0.75a,c,d 0.68 ± 0.09a,b,d 1.65 ± 0.25a,b,c

Σ n-3 7.05 ± 0.69b,c,d 4.45 ± 0.56a,c,d 0.80 ± 0.09a,b,d 1.83 ± 0.24a,b,c

aA superscript letter denotes a significant difference from the corresponding group at P < 0.05 level. For abbreviations see
Tables 2 and 3 .
b—, trace.



Liver FA. (i) CPG. The FA composition of liver CPG is pre-
sented in Table 4. The mean DHA level in CPG of the
VADALAS group was significantly higher than that of the
VASALAS (P < 0.05), VASALAD (P < 0.005), and VADALAD
(P < 0.005) groups. In addition, the VADALAD rats had a
lower level of DHA in CPG compared with the VASALAD
(P < 0.05) and VASALAS (P < 0.005) groups. Of the two vita-
min A-sufficient groups, VASALAS and VASALD, the former
had a higher DHA level (P < 0.01).

As was expected, the proportion of OA, which is a bio-
chemical marker of n-3 FA deficiencies, was increased by
ALA deficiency both in the vitamin A-sufficient (VASALAD
vs. VASALAS, P < 0.005) and -deficient (VADALAD vs.
VADALAS, P < 0.005) rats. Surprisingly, vitamin A defi-
ciency enhanced the level of OA in the ALA-sufficient
(VADALAS vs. VASALAS; P < 0.005) and ALA-deficient
(VADALAD vs. VASALAD; P < 0.005) groups.

(ii) EPG. The mean liver EPG FA composition is given in
Table 5. Consistent with the manifestations of n-3 FA insuffi-
ciencies, ALA deficiency decreased DHA level in both the vit-
amin A-sufficient (VASALAD vs. VASALAS, P < 0.005) and
-deficient (VADALAD vs. VADALAS, P < 0.005) groups. The
decrease in DHA was associated with a concomitant increase
in OA (VASALAD vs. VASALAS, P < 0.005) and (VADALAD
vs VADALAS, P < 0.005). As in CPG, the EPG of vitamin
A-deficient rats regardless of their ALA status had a signifi-
cantly elevated proportion of OA.

Colon FA. (i) CPG. Table 6 shows colon CPG FA of the four
groups of rats. The VADALAS animals had a higher level of
DHA than those of the VASALAS (P < 0.05), VADALAD (P
< 0.01), and VASALAD (P < 0.005) rats. In contrast to the
VADALAS, the VADALAD rats had reduced DHA compared
with the VASALAD rats (P < 0.01). Vitamin A deficiency in-

creased the level of OA in the ALA-deficient, VADALAD, (P
< 0.05) but not in the ALA sufficient, VADALAS, rats.

(ii) EPG. Percent FA composition of colon EPG is given in
Table 7. ALA deficiency significantly reduced the level of
DHA in the vitamin A-sufficient (VASALAD vs. VASALAS,
P < 0.005) and -deficient (VADALAD vs. VADALAS, P <
0.005) rats. Vitamin A deficiency reduced DHA in the ALA-
deficient (VADALAD vs. VASALAD) but not in the ALA-suf-
ficient (VADALAS vs. VASALAS, P > 0.05) rats. The level of
OA significantly increased in the ALA-deficient compared
with the ALA-sufficient groups (VADALAD vs. VADALAS,
P < 0.005; VASALAD vs. VASALAS, P < 0.005). Although
vitamin A deficiency in both the VADALAS and VADALAD
groups was associated with an increase in OA, the difference
with their corresponding vitamin A-sufficient counterparts did
not reach a stastically significant level (VADALAS vs.
VASALAS, VADALAD vs. VASALAD, P = 0.078).

DISCUSSION

Consistent with our previous findings in rats (18) and chicks
(19), the vitamin A-deficient groups, regardless of the ALA
content of their diet, consumed less food compared with their
vitamin A-sufficient counterparts. The reduction of food intake
and consequent lower weight gain of the vitamin A-deficient
animals were most likely due to vitamin A deficiency-induced
atrophy of the gustatory apparatus (20,21) and a loss of taste
(20–22). The increase in OA and the concomitant reduction of
DHA in the ALA-deficient rats, regardless of vitamin A status,
suggest that dietary ALA and LA may be the primary sources
of membrane DHA and OA, respectively. These findings are
analogous to some reports about n-3 FA deficiencies (23,24).

This partial investigation of the effect of vitamin A defi-
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TABLE 5
Liver Ethanolamine Phosphoglyceride FA (%) of Rats Fed Adequate or Deficient ALA Diets 
With or Without Vitamin Aa

VADALAS  VASALAS  VADALAD  VASALAD  
FA (n = 6) (n = 6) (n = 6) (n = 6)

16:0 22.32 ± 0.69b,c,d 16.83 ± 0.86a 18.61 ± 1.72a,d 16.75 ± 1.08a,c

18:0 24.45 ± 1.07b,c,d 21.90 ± 1.49a,d 22.60 ± 2.18a,d 28.85 ± 1.98a,b,c

Σ Saturates 47.09 ± 0.83b,c 38.83 ± 1.95a,c,d 41.27 ± 1.20a,b,d 45.72 ± 2.37b,c

18:1n-9 2.88 ± 0.46d 3.27 ± 0.33d 3.03 ± 0.21d 1.92 ± 0.17a,b,c

18:1n-9 + 18:1n-7 4.17 ± 0.59b,d 6.59 ± 1.16a,c,d 4.33 ± 0.47b,d 3.13 ± 0.35a,b,c

Σ Monoenes 4.44 ± 0.58b 7.09 ± 0.97a,c,d 4.65 ± 0.58b,d 3.35 ± 0.42b,c

18:2n-6 5.38 ± 0.98b,d 7.88 ± 1.22a,c 5.73 ± 1.69b,d 7.79 ± 1.16a,c

18:3n-6 0.05 ± 0.01b,c,d 0.12 ± 0.05a,c 0.28 ± 0.02a,b,d 0.10 ± 0.03a,c

20:3n-6 0.25 ± 0.03b 0.46 ± 0.14a,c,d 0.29 ± 0.08b 0.25 ± 0.08b

20:4n-6 20.44 ± 0.78b,d 27.14 ± 2.02a,c 21.77 ± 1.55b,d 28.51 ± 1.46a,c

22:4n-6 0.78 ± 0.11b,c 0.55 ± 0.05a,c,d 2.56 ± 0.44a,b,d 0.97 ± 0.14b,c

22:5n-6 1.20 ± 0.14b,c,d 0.27 ± 0.06a,c,d 16.84 ± 1.52a,b,d 4.40 ± 0.61a,b,c

Σ n-6 28.26 ± 0.26b,c,d 36.83 ± 2.41a,c,d 47.81 ± 0.9a,b,d 42.23 ± 2.13a,b,c

18:3n-3 0.10 ± 0.04 0.13 ± 0.07 —b —
20:5n-3 0.08 ± 0.04b 0.55 ± 0.21a — —
22:5n-3 1.42 ± 0.31c,d 1.40 ± 0.30b,c,d 0.20 ± 0.06a,b,d 0.43 ± 0.13a,b,c

22:6n-3 14.08 ± 1.20b,c,d 10.98 ± 1.93a,c,d 1.74 ± 0.20a,b,d 4.44 ± 0.49a,b,c

Σ n-3 15.50 ± 1.13b,c,d 13.05 ± 1.63a,c,d 1.94 ± 0.20a,b,d 4.88 ± 0.48a,b,c

a,bFor superscripts and abbreviations see Tables 3 and 4. 



ciency on FA composition in liver membrane lipids of rats fed
an ALA-deficient diet, consistent with our previous study (16),
demonstrated that vitamin A deficiency leads to a reduction in
DHA and a concomitant increase in OA in liver CPG and EPG.
The reduction in DHA was predicted since vitamin A defi-
ciency was expected to impair peroxisomal proliferation and
inhibit the activity of acyl-CoA oxidase owing to an insuffi-
ciency of 9-cis retinoic acid, which is the potent ligand of RXR.
However, the vitamin A deficiency-induced increase in OA
was unexpected and rather intriguing. Both DHA and OA are
thought to be synthesized by a common shared microsomal-
peroxisomal pathway involving chain elongation and desatura-
tion reactions in the endoplasmic reticulum followed by a final
one-step β-oxidation reaction in the peroxisomes (5,25). Con-
sequently, an impairment of peroxisomal proliferation would
have been expected to lead to a reduction in both OA and DHA.
The contrasting effects of vitamin A and ALA deficiency on
the proportions of DHA and OA in liver CPG and EPG seemed
to lend credence to the proposition that the two FA are synthe-
sized by independent pathways involving n-6- and n-3-specific
enzymes (6,7) or to the suggestion that the desaturation of n-6
and n-3 involves two distinct ∆6 desaturases (26). Indeed, In-
fante et al. (27) reported that the straight-chain acyl-CoA ox-
idase knockout mouse had decreased DHA and increased
threefold OA in liver. Our enhancement of OA and reduction
of DHA levels in VADALAD rats, similar to their findings, can
be explained by hypothesizing that DHA and OA are synthe-
sized by a carnitine-dependent multifunctional mitochondrial
synthase residing in the outer mitochondrial membrane, and
beyond this, that there is another redundant microsomal path-
way that is only suitable for OA synthesis (6,7). In contrast to
the rats fed the VADALAD diet, which had reduced DHA and
enhanced OA levels, the levels of both DHA and OA were en-

hanced in the rats that were fed VADALAS diet. Paradoxically,
this finding is consistent with the conventional microsomal-
peroxisomal and additional carnitine-dependent multifunc-
tional mitochondrial pathways (5–7,26). These effects of vita-
min A deficiency on membrane DHA and OA may have been
mediated by enhanced peroxisomal proliferation and the con-
sequential activation of peroxisomal enzymes, including acyl-
CoA oxidase, activity of ∆6 and ∆5 desaturases, or incorpora-
tion. The current wisdom is that peroxisomal proliferation is
mediated by PPAR-RXR complex after the activation of RXR
by 9-cis retinoic acid, and it is difficult to envisage how this
could be induced under vitamin A deficiency. However, the
studies that reported that 9-cis retinoic acid is a potent ligand
of RXR were conducted in vitro (28–30). Consequently, it is
possible that the finding may not be portable to an in vivo phys-
iological environment. Indeed, Lawrence et al. (31) have re-
ported significantly higher induction of peroxisomal β-oxida-
tion in vitamin A-deficient than -sufficient rats that were treated
by the potent peroxisomal proliferator, nafenopin. Similarly, in
a communication by Sohlenus et al. (32), the vitamin A-defi-
cient mice untreated by the peroxisomal proliferator had about
40% higher volume and number of liver peroxisomes com-
pared with their sufficient counterparts; the authors did not dis-
cuss this finding. Interestingly, Werner and DeLuca (33) were
unable to detect 9-cis retinoic acid in tissues of vitamin A-defi-
cient rats that were given a physiological amount of radioac-
tive all-trans retinol. It is plausible that vitamin A deficiency
may enhance the synthesis of OA and/or DHA through the in-
duction of peroxisomal proliferation and the activation of β-
oxidation without the involvement of 9-cis retinoic acid. On
the other hand, both DHA and OA can be synthesized in an-
other carnitine-dependent multifunctional mitochondrial path-
way (6,7,27). There is evidence that DHA was still the predom-
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TABLE 6
Colon Choline Phosphoglyceride FA (%) of Rats Fed ALA-Adequate or -Deficient Diet 
With or Without Vitamin Aa

VADALAS  VASALAS  VADALAD  VASALAD  
FA (n = 6) (n = 6) (n = 6) (n = 6)

16:0 31.17 ± 3.20 32.75 ± 2.71 32.31 ± 3.03 28.37 ± 3.50
18:0 10.97 ± 1.83 10.91 ± 0.99 11.51 ± 1.38 11.55 ± 1.76c

Σ Saturates 43.37 ± 2.37 44.86 ± 2.20d 44.68 ± 2.45d 40.43 ± 1.96b,c

18:1n-9 10.27 ± 1.47 10.41 ± 1.84 10.16 ± 1.44d 12.05 ± 0.53c

18:1n-9 + 18:1n-7 15.03 ± 2.06 15.26 ± 2.22 14.68 ± 1.59d 17.08 ± 0.68c

Σ Monoenes 17.23 ± 2.05 17.82 ± 2.53 16.43 ± 1.67d 18.94 ± 0.92c

18:2n-6 13.29 ± 2.05 14.02 ± 1.46 12.14 ± 2.20d 15.47 ± 2.23c

18:3n-6 0.18 ± 0.04d 0.14 ± 0.04 0.17 ± 0.04d 0.11 ± 0.03a,c

20:3n-6 2.19 ± 0.22b,d 1.66 ± 0.33a 1.94 ± 0.40 1.14 ± 0.16a

20:4n-6 12.38 ± 0.74c,d 11.43 ± 1.11c,d 14.17 ± 0.92a,b 15.16 ± 2.13a,b

22:4n-6 1.01 ± 0.13d 0.99 ± 0.06d 1.28 ± 0.26 1.44 ± 0.16a,b

22:5n-6 0.16 ± 0.04c,d 0.11 ± 0.04c,d 0.74 ± 0.16a,b,d 0.48 ± 0.04a,b,c

Σ n-6 30.18 ± 1.73d 29.29 ± 1.46d 31.39 ± 1.86d 35.32 ± 2.63a,b,c

18:3n-3 0.29 ± 0.08b 0.54 ± 0.11a —b —
20:5n-3 0.19 ± 0.05 0.25 ± 0.06 — —
22:5n-3 0.29 ± 0.02c,d 0.33 ± 0.07c,d 0.05 ± 0.02a,b 0.11 ± 0.07a,b

22:6n-3 1.09 ± 0.26b,c,d 0.70 ± 0.16a,c,d 0.35 ± 0.06a,b,d 0.46 ± 0.06a,b,c

Σ n-3 1.86 ± 0.22c,d 1.82 ± 0.23c,d 0.44 ± 0.07a,b,d 0.67 ± 0.18a,b,c

a,bFor superscripts and abbreviations see Tables 3 and 4. 



inant FA in straight-chain acyl-CoA oxidase null mice, and its
amount was comparable to that in their corresponding wild-
type animals (27). The characteristics of these multifunctional
pathways are that the enzyme-bound products are recycled
back as substrates until the desired final product is formed. In
these recycling reactions, alternative cis-desaturations and
elongation of the enzyme-bound acyl intermediates would in-
troduce the methylene-interrupted double-bond structure of the
final products. The enhanced DHA and OA suggest that a ter-
mination reaction catalyzed by an acyl carrier protein-con-
nected carnitine acyltransferase might be preferential for the
release of DHA or OA from enzyme in vitamin A-deficient
rats.

Although vitamin A deficiency has been shown to enhance
the activity of ∆5 (34,35) and ∆9 (36) desaturases, such influ-
ence was not apparent in this study. This difference could be a
reflection of the rat strain (37) or diet used.

From the present study, it is evident that dietary vitamin A
deficiency has a profound effect on membrane DHA and OA
in rat tissues. It increases the proportions of OA consistently
regardless of the level of dietary ALA. In contrast, the effect
on DHA is dependent on dietary ALA level; it is reduced when
dietary ALA is limiting and is enhanced when ALA is ade-
quate. Both vitamin A and DHA are involved in a myriad of
vital physiological functions pertaining to growth and develop-
ment and health. Hence there is a need for a further study to
unravel the mechanism by which vitamin A influences mem-
brane DHA and its n-6 counterpart, OA.

ACKNOWLEDGMENTS

We gratefully acknowledge financial support from the Mother and
Child Foundation and NATO Science Programme.

REFERENCES

1. Crawford, M.A., and Sinclair, A.J. (1972) Nutritional Influences
in the Evolution of Mammalian Brain, in Lipids, Malnutrition
and the Developing Brain, Ciba Foundation Symposium (Elliot,
K., and Knight, J., eds.), pp. 267–292, Elsevier Science, Ams-
terdam.

2. Sastry, P.S. (1985) Lipids of Nervous Tissue: Composition and
Metabolism, Prog. Lipid Res. 24, 69–176.

3. Moriguchi, T., Loewke, J., Garrison, M., Catalan, N.J., and
Salem, N., Jr. (2001) Reversal of Docosahexaenoic Acid Defi-
ciency in the Rat Brain, Retina, Liver and Serum, J. Lipid Res.
42, 419–427.

4. Zhou, D., and Huang, Z. (1992) The Effect of Fish Oil on Serum
and Tissue Fatty Acid Composition of Juvenile Rats, Fish. J. 11,
222–228.

5. Voss, A.M., Reinhart, S., Sankarappa, S., and Sprecher, H.
(1991) The Metabolism of 7,10,13,16,19-Docosahexapen-
taenoic Acid to 4,7,10,13,16,19-Docosahexaenoic Acid in Rat
Liver Is Independent of a 4-Desaturase, J. Biol. Chem. 266,
19995–20000.

6. Infante, J.P., and Huszagh, V.A. (1998) Analysis of the Putative
Role of 24-Carbon Polyunsaturated Fatty Acids in the Biosyn-
thesis of Docosapentaenoic (22:5n-6) and Docosahexaenoic
(22:6n-3) Acids, FEBS Lett. 431, 1–6.

7. Infante, J.P., and Huszagh, V.A. (2001) Zellweger Syndrome
Knockout Mouse Models Challenge Putative Peroxisomal β-
Oxidation Involvement in Docosahexaenoic Acid (22:6n-3)
Biosynthesis, Mol. Genet. Metab. 72, 1–7.

8. Keller, H., Dreyer, C., Medin, J., Mahfoudi, A., Ozato, K., and
Wahli, W. (1993) Fatty Acids and Retinoids Control Lipid Me-
tabolism Through Activation of Peroxisome Proliferator-Acti-
vated Receptor-Retinoid X Receptor Heterodimers, Proc. Natl.
Acad. Sci. USA 90, 2160–2164.

9. Yang, L.M., Tin, U.C., Wu, K., and Brown, P. (1999) Role of
Retinoid Receptors in the Prevention and Treatment of Breast
Cancer, J. Mammary Gland Biol. Neoplasia 4, 377–388.

10. Kliewer, S.A., Umesono, K., Noonan, D.J., Heyman, R.A., and
Evans, R.M. (1992) Convergence of 9-cis Retinoic Acid and

218 D. ZHOU ET AL.

Lipids, Vol. 41, no. 3 (2006)

TABLE 7
Colon Ethanolamine Phosphoglyceride FA (%) of Rats Fed ALA-Adequate or -Deficient Diet 
With or Without Vitamin Aa

VADALAS  VASALAS  VADALAD  VASALAD  
FA (n = 6) (n = 6) (n = 6) (n = 6)

16:0 5.45 ± 0.63 6.02 ± 0.57d 5.52 ± 0.50d 4.81 ± 0.41b,c

18:0 11.64 ± 1.07 11.61 ± 0.56 11.45 ± 1.10 11.31 ± 0.68
Σ Saturates 17.35 ± 1.40 17.91 ± 0.31c,d 16.98 ± 0.93b 16.25 ± 0.79b

18:1n-9 5.96 ± 0.62 6.40 ± 0.71 5.71 ± 0.30 5.78 ± 0.55
18:1n-9 + 18:1n-7 7.30 ± 0.69 7.99 ± 0.80 7.24 ± 0.37 7.19 ± 0.61
Σ Monoenes 8.10 ± 0.86 8.95 ± 0.97c 7.91 ± 0.58b 8.06 ± 0.71

18:2n-6 4.91 ± 0.87 5.36 ± 0.86 6.32 ± 1.61d 4.72 ± 0.77c

18:3n-6 0.07 ± 0.02c,d 0.06 ± 0.02 0.04 ± 0.01a 0.05 ± 0.01a

20:3n-6 2.01 ± 0.26d 1.79 ± 0.43 2.12 ± 0.33d 1.38 ± 0.41a,c

20:4n-6 30.44 ± 1.67 28.17 ± 1.70c,d 32.02 ± 1.18b 33.08 ± 2.64b

22:4n-6 4.27 ± 0.48b,c,d 4.82 ± 0.29a,d 5.41 ± 0.52a,d 6.63 ± 0.54a,b,c

22:5n-6 0.74 ± 0.13c,d 0.58 ± 0.08c,d 3.44 ± 0.64a,b 2.86 ± 0.54a,b

Σ n-6 42.68 ± 2.21c,d 41.23 ± 1.48c,d 49.09 ± 1.74a,b 49.06 ± 2.44a,b

18:3n-3 0.12 ± 0.04b 0.36 ± 0.11a —b —
20:5n-3 0.55 ± 0.12 0.58 ± 0.07 — —
22:5n-3 0.96 ± 0.12b,c,d 1.32 ± 0.18a,c,d 0.08 ± 0.01a,b,d 0.32 ± 0.06a,b,c

22:6n-3 3.30 ± 0.64c,d 3.26 ± 0.41c,d 0.69 ± 0.10a,b,d 1.72 ± 0.31a,b,c

Σ n-3 4.91 ± 0.64c,d 5.52 ± 0.41c,d 0.79 ± 0.11a,b,d 2.09 ± 0.36a,b,c

a,bFor superscripts and abbreviations see Tables 3 and 4. 



Peroxisome Proliferator Signalling Pathways Through Het-
erodimer Formation of Their Receptors, Nature 358, 771–774.

11. Mukherjee, R., Jow, L., Croston, G.E., and Paterniti, J.R. (1997)
Identification, Characterization, And Tissue Distribution Of
Human Peroxisome Proliferator-Activated Receptor (PPAR)
Isoforms PPARγ2 Versus PPARγ1 and Activation with Retinoid
X Receptor Agonists and Antagonists, J. Biol. Chem. 272,
8071–8076.

12. Matsuzaka, T., Shimano, H., Yahagi, N., Amemiya-Kudo, M.,
Yoshikawa, T., Hasty, A.H., Tamura, Y., Osuga, J., Okazaki,
H., Iizuka, Y., et al. (2002) Dual Regulation of Mouse ∆5 and
∆6 Desaturase Gene Expression by SREBP-1 and PPARα, J.
Lipid Res. 43, 107–114.

13. Kersten, S., Desvergne, B., and Wahil, W. (2000) Roles of
PPARs in Health and Disease, Nature 405, 421–424.

14. Willson, T.M., Brown, P.J., Sternbach, D.D., and Henke, B.R.
(2000) The PPARs: From Orphan Receptors to Drug Discovery,
J. Med. Chem. 43, 527–550.

15. Lampen, A., Meyer, S., and Nau, H. (2001) Phytanic Acid and
Docosahexaenoic Acid Increase the Metabolism of all-trans
Retinoic Acid and CYP26 Gene Expression in Intestinal Cells,
Biochim. Biophys. Acta 1521, 97–106.

16. Zhou, D., Zaiger, G., Ghebremeskel, K., Crawford, M.A., and
Reifen, R. (2004) Vitamin A Deficiency Reduces Liver and
Colon Docosahexaenoic Acid Levels in Rats Fed High Linoleic
and Low Alpha-Linolenic Acid Diets, Prostaglandins Leukot.
Essent. Fatty Acids 71, 383–389.

17. Folch, J., Lees, M., and Sloane-Stanley, G.H. (1957) A Simple
Method for the Isolation and Purification of Total Lipids from
Animal Tissues, J. Biol. Chem. 226, 497–509.

18. Reifen, R., Nur, T., Ghebremeskel, K., Zaiger, G., Urizky, R.,
and Pines, M. (2002) Vitamin A Deficiency Exacerbates Inflam-
mation in a Rat Model of Colitis Through the Activation of Nu-
clear Factor κB and Collagen Formation, J. Nutr. 132,
2743–2747.

19. Uni, Z., Zaiger, G., and Reifen, R. (1998) Vitamin A Deficiency
Induces Morphometric Changes in the Crest Functionality in
Chicken Small Intestine, Br. J. Nutr. 80, 401–407.

20. Bernard, R.A., and Halpern, B.P. (1968) Taste Changes in Vita-
min A Deficiency, J. Gen. Physiol. 52, 444–464.

21. Chole, R.A., and Charpied, G.L. (1983) A Histomorphometric
Study of the Effect of Chronic Vitamin A Deficiency on the Cir-
cumvallate Papilla of the Rat, Otolaryngol. Head Neck Surg. 91,
470–481.

22. Reifen, R., Zaiger, G., and Uni, Z. (1998) Effect of Vitamin A
Deficiency on Small Intestinal Brush Border Enzymes in a Rat
Model, Int. J. Vitam. Nutr. Res. 68, 282–286.

23. Salem, N., Jr., Moriguchi, T., Greiner, R.S., McBride, K.,
Ahmad, A., Catalan, J.N., and Slotnick, B. (2001) Alternations
in Brain Function After Loss of Docosahexaenoic Acid to Di-
etary Restriction of n-3 Fatty Acids, J. Mol. Neurosci. 16,
299–307.

24. Bourre, J.M., Dumont, O.S., Piciotti, M.J., Pascal, G.A., and
Durand, G.A. (1992) Dietary α-Linolenic Acid Deficiency in
Adult Rats for 7 Months Does Not Alter Brain Docosahexaenoic

Acid Content, in Contrast to Liver, Heart and Testes, Biochim.
Biophys. Acta 1124, 119–122.

25. Luthria, D.L., Mohammed, B.S., and Sprecher, H. (1996) Regu-
lation of the Bio-synthesis of 4,7,10,13,16,19-Docosahexaenoic
Acid, J. Biol. Chem. 271, 16020–16025.

26. Rodriguez, A., Sarda, P., Boult, P., Leger, C.L., and Descomps,
B. (1999) Differential Effect of N-Ethyl Maleimide on ∆6-De-
saturase Activity in Human Fetal Liver Toward Fatty Acids of
n-6 and n-3 Series, Lipids 34, 23–30.

27. Infante, J.P., Tschanz, C.L., Shaw, N., Michaud, A.L.,
Lawrence, P., and Brenna, J.T. (2002) Straight-Chain Acyl-CoA
Long Chain Fatty Acids from α-Linolenic Acid: Evidence for
Runaway Carousel-Type Enzyme Kinetics in Peroxisomal β-
Oxidation Diseases, Mol. Gen. Metab. 75, 108–119.

28. Heyman, R.A., Mangelsdorf, D.J., Dyck, J.A., Stein, R.B.,
Eichele, G., Evans, R.M., and Thaller, C. (1992) 9-Cis Retinoic
Acid Is a High Affinity Ligand for the Retinoid X Receptor, Cell
68, 397–406.

29. Levin, A.A., Sturzenbecker, L.J., Kazmer, S., Bosakowski, T.,
Huselton, C., Allenby, G., Speck, J., Ratzeisen, C., Rosenberger,
M., Lovey, A., and Grippo, J. (1992) 9-Cis Retinoic Acid
Stereoisomer Binds and Activates the Nuclear Receptor RXRα,
Nature 355, 359–361.

30. LeMotte, P.K., Keidel, S., and Apfel, C.M. (1996) Characteri-
zation of Synthetic Retinoids with Selectivity for Retinoic Acid
or Retinoid X Nuclear Receptors, Biochim. Biophys. Acta 1289,
298–304.

31. Lawrence, J.W., Foxworthy, P.S., Perry, D.N., Jensen, C.B.,
Giera, D.D., Meador, V.P., and Eacho, P.I. (1995) Nafenopin-
Induced Peroxisome Proliferation in Vitamin A Deficient Rats,
Biochem. Pharmacol. 49, 915–919.

32. Sohlenus, A.K., Reinfeldt, M., Backstrom, K., Bergstrand, A.,
and DePierre, J.W. (1996) Hepatic Peroxisome Proliferation in
Vitamin A Deficient Mice Without a Simultaneous Increase in
Peroxisomal Acyl-CoA Oxidase Activity, Biochem. Pharmacol.
51, 821–827.

33. Werner, E.A., and DeLuca, H.F. (2001) Metabolism of a Physi-
ological Amount of all-trans Retinol in the Vitamin A Deficient
Rat, Arch. Biochem. Biophys. 393, 262–270.

34. Zolfaghari, R., Cifelli, C.J., Banta, M.D., and Ross, A.C. (2001)
Fatty Acid ∆5-Desaturase mRNA Is Regulated by Dietary Vita-
min A and Exogenous Retinoic Acid in Liver of Adults Rats,
Arch. Biochem. Biophys. 391, 8–15.

35. Zolfaghari, R., and Ross, A.C. (2003) Recent Advances in Mo-
lecular Cloning of Fatty Acid Desaturase Genes and the Regula-
tion of Their Expression by Dietary Vitamin A and Retinoic
Acid, Prostaglandins Leukot. Essent. Fatty Acids 68, 171–179.

36. Alam, S.Q., and Alam, B.S. (1985) Microsomal Fatty Acid De-
saturase Activities in Vitamin A-Deficient Rat Liver, Biochim.
Biophys. Acta 833, 175–177.

37. De Antueno, R.J., Elliot, M., and Horrobin, D.F. (1994) Liver
∆5 and ∆6 Desaturase Activity Differs Among Laboratory Rat
Strains, Lipids 29, 327–331.

[Received August 23, 2005; accepted February 20, 2006]

VITAMIN A DEFICIENCY AND DHA SYNTHESIS 219

Lipids, Vol. 41, no. 3 (2006)


