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Extraorbital lacrimal glands, like the sali-
vary glands, perform secretory function and
are very similar ultrastructurally (1). Al-
though there are a few studies on the lipid
composition of Harderian gland, another ex-
ocrine eye gland, in rabbits (2, 3) and rats (4),
there is a paucity of similar information on
extraorbital lacrimal glands.

We have recently reported the effects of
essential fatty acid (EFA) deficiency on the
fatty acid composition of submandibular sal-
ivary glands (SMSG) in rats (5). It was found
that, like other tissues, SMSG also undergo
profound changes in their fatty acid patterns.
These structural changes were associated with
a decreased flow rate of pilocarpene-stimu-
lated whole saliva. Because of the ultrastruc-
tural similarity of the salivary glands and the
extraorbital lacrimal glands, and in view of
recent reports (6, 7) in the literature indicating
that nutrition may play an important role in
influencing the flow rate and composition of
tears, we have studied the effects of EFA-
deficiency on the lipid composition of ex-
traorbital lacrimal glands in rats.

Methods. Two groups of male, weanling,
Sprague-Dawley rats® (10 per group) were
fed ad lib. nutritionally adequate purified
diets, one containing 7% corn oil (control
group) and the other a fat-free diet (deficient
group). The fat-free diet contained in percent:
Casein (vitamin-free), 20.0; sucrose, 71.0; salt
mix (Wesson), 4.0; cellulose, 4.0; vitamin
mix,® 0.7 and choline chloride, 0.3. In the
control diet, corn oil was added replacing 7%
sucrose.

Body weights were measured twice a week.
Half the rats from each group were killed by
means of a guillotine at 8 weeks and the
remaining half at 16 weeks of feeding the two
diets. The extraorbital lacrimal glands were
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% See Navia ez al. J. Nutr. 97, 133 (1969).

dissected out, weighed and homogenized with
chloroform-methanol (2:1) for the extraction
of lipids. Total lipid extracts were purified
using Folch’s method (8). Aliquots of washed
lipid extracts were used for the analysis of
total fatty acid composition and their concen-
trations using gas chromatography and inter-
nal standard of heptadecanoic acid. Lacrimal
glands of rats fed for 8 weeks were analyzed
only for their total fatty acid composition.
Sixteen-week samples were analyzed for all
the constituents described in the text.

An aliquot of total lipid extract was used
for the separation of neutral and phospholip-
ids by column chromatography over silicic
acid (9). After thin layer chromatographic
separation of free fatty acids (FFA) and tri-
glyceride (TG) in neutral lipid fraction, and
phosphatidylcholine (PC), phosphatidyleth-
anolamine (PE) and phosphatidylserine +
phosphatidylinositol (PS + PI) in the phos-
pholipid fraction, the fatty acid composition
of each of these lipid fractions was deter-
mined using gas chromatography (5). The
concentrations of FFA and TG fractions were
determined by gas chromatography after the
addition of internal standards of heptadeca-
noic acid for FFA and triheptadecanoin for
TG as described previously (10).

Total lipid phosphorus was determined by
Bartlett’s method (11) and free and total cho-
lesterol by the method of Zak et al. (12).

All data were statistically analyzed using
Student’s ¢ test.

Results. Rats fed EF A-deficient diet for 16
weeks had lower body weights as compared
to the controls (383.6 = 10.2 versus 503.6 +
25.6 g). No significant differences were ob-
served in lacrimal gland weights between the
two groups. The gland weights were 125.0
3.8 mg in the deficient group versus 142.0 +
7.2 mg (x 1SE) in the control.

Total phospholipids were higher in the de-
ficient group (33.3 £ 0.73 versus 29.9 * 1.13
mg/g wet tissue), whereas the concentrations
of free and total cholesterol and total fatty
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acids were essentially the same in the two
groups. Concentrations of FFA fractions
were significantly lower (P < 0.05) in the
deficient glands as compared to the‘controls
(2.12 = 0.15 versus 2.76 + 0.21 mg/g wet
tissue). The fatty acid composition of total
lipids of plasma also showed a pattern char-
acteristic of EF A-deficiency (5).

The fatty acid composition of total lipids
of the lacrimal glands after 8 weeks of feeding
the control and EFA-deficient diets is shown
in Table 1. This table contains some addi-
tional data obtained from rats in which EFA
deficiency was induced by another meansi.e.,
by feeding 7% hydrogenated coconut oil
(HCO). The controls were.fed 5% HCO + 2%
corn oil. The results show that EFA defi-
ciency, whether created by feeding a fat-free
diet or a diet containing 7% HCO, induced
similar changes in the fatty acid composition
of the total lipids of the lacrimal glands.

Results on fatty acid composition of total
lipids, FFA and TG fractions obtained at 16
weeks are shown in Table IL. In each of the
three lipids, the levels of 16:1 and 18:1 were
significantly higher whereas those of 18:2 and
20:4 were lower in the lacrimal glands of
EFA-deficient rats as compared to those fed
the EFA-supplemented control diet. 5,8,11-
eicosatrienoic acid (20:3 w9) was present only
in the EFA-deficient group and not in the
control group. Dihomo-y-linolenic acid (20:3
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w6), an intermediate in the synthesis of ar-
achidonic acid from linoleic acid, was present
only in the control groups and not in the
deficient groups. TG fractions from both
groups contained very little of C-20 fatty
acids.

The fatty acid composition of total lipids
of lacrimal glands of rats fed for 8 weeks was
essentially similar to that observed after 16
weeks of feeding except that the levels of 18:
2 in the gland were reduced even further
(from 1.9% to 0.6%) when the deficient diet
was fed for 16 weeks.

The fatty acid composition data for PC, PE
and PI + PS fractions are presented in Table
II1. The lacrimal glands from the EFA-defi-
cient rats' showed similar modifications of
their fatty acid patterns as seen in case of
total lipids, FFA and TG fractions, i.. an
increase in the levels of 16:1 and 18:1, a
decrease in 18:2 and 20:4, and an accumula-
tion of 20:3 w9. In addition to these changes,
the levels of 16:0 in PC and PE and those of
18:0 in PE and PS + PI fractions were signif-
icantly lower in lacrimal glands of rats fed
the EFA-deficient diet as compared with
those fed the control diet.

Discussion. EFA deficiency in young rats
is characterized by reduced weight gain, der-
mal lesions and, biochemically, by increased
triene to tetraene ratio in plasma and tissue
lipids. In the present study, by the sixteenth

TABLE 1. FATTY AcID COMPOSITION OF TOTAL LiPIDS IN LACRIMAL GLANDS OF RaTs FED EFA-DEFICIENT AND
CoNTROL DIETS FOR 8 WEEKS.

Control®
Deficient Control Deficient® (5% HCO" + 2% Corn
Fatty acid (0% Fat) (7% Corn Oil) (7% HCO)" 0il)
14:0 1.2 + 0.08 1.2 £ 0.03 1.5 £ 0.05 1.3 £ 0.07
iso 16:0 0.2 £ 0.06 0.4 +0.05 0.4 + 0.08 0.9 +0.27
16:0 28.7 £0.99 329 £ 0.70 28.6 + 0.87 30.0 £ 0.66
16:1 21.6 + 1.07¢ 6.8 £ 1.03 22.0 + 1.10¢ 122 = 1.18
18:0 84024 10.5 £ 0.44 8.8 +0.23 10.9 + 0.40
18:1 25.7 £ 1.45¢ 14.7 £ 1.10 25.1 £ 0.87¢ 17.8 £ 0.96
18:2 1.9 £ 0.17¢ 15.8 = 0.87 20+ 0.12¢ 8.4 +0.74
20:0 — 04 — 0.3 +0.05
20:1 1.3+£0.13 0.9 £ 0.04 1.2 +£0.20 14 £0.26
20:2 0.8 + 0.07 — 0.7 £0.04 —
20:3, w9 6.8 +0.36 — 6.0 + 0.45 —
20:3, wb — 2.9 £ 0.30 — 1.7+£0.24
20:4 33+0.21¢ 11.6 £ 0.60 3.0 +0.14¢ 11.5 + 0.69
20:5 0.4 — 0.3 —

“ Significantly different from respective control values (P < 0.001).

® HCO-Hydrogenated Coconut Oil.

“ The strain, age and sex of rats and the basal diet composition was similar to that described under the methods

section.
Values are means = SEM of five rats/group.
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TABLE 1I. FATTY ACID CoMPOSITION OF TOTAL L1PiDS, TRIGLYCERIDES AND FREE FATTY ACIDS IN LACRIMAL
GLANDS FROM CONTROL AND ESSENTIAL FATTY ACIDS DEFICIENT RATS.

Total lipids Triglycerides Free fatty acids
Fatty acid Deficient Control Deficient Control Deficient Control
14:0 0.7 £ 0.16 0.5 £ 0.03 2.2 +0.07 1.9+ 0.10 09+0.12 0.6 £0.07
ISO 16:0 1.1 £0.15 1.4 +0.14 — — — —
16:0 28.1 £0.69 28.1 £046 352+060 325+ 1.18 26.1 £1.06 246 1.15
16:1 17.0 £ 0.42° 4.1 +£0.18 11.6 £021° 7.6+032 17.1 £ 0.40° 4.2 +0.26
18:0 89+0.26 109 040 53%0.15 53+024 103 +£044 112+032
18:1 31.0 £092° 17.1 £0.86 452 +£0.92° 298 +0.26 36.4 +£0.97° 16.3 = 0.66
18:2 0.6 +£ 008" 17.6+1.24 — 21.4 + 1.06 1.4 £0.13* 158+ 091
20:1 34+ 1.77 1.2 +£0.13 0.4 0.5+ 0.16 2.5 +0.94 2.0 £ 0.66
20:2 0.5+ 0.09 0.2 — — — —
20:3 6.4 + 0.43 — — — 53x1.10 —
w9
20:3 — 3.0+0.38 — — — 4.0+ 0.35
wb
20:4 28+0.17* 156 = 1.14 — 1.1 £0.20 — 19.0 £ 1.68
20:5 — — — — — 20+0.19

“ Significantly different from respective control values (P < 0.001).

Values are means + SEM of five rats.

TABLE I1I. FATTY AcID COMPOSITION OF THE MAJOR PHOSPHOLIPIDS IN LACRIMAL GLANDS FROM CONTROL
AND ESSENTIAL FATTY ACIDS DEFICIENT RATS.

Phosphatidylserine + Phospha-

Phosphatidylcholine Phosphatidylethanolamine tidylinositol

Fatt

acig Deficient Control Deficient Control Deficient Control
14:0 1.0 + 0.09 0.6 £0.12 0.3 +0.03 0.1 £ 0.04 0.6 + 0.08 0.5 £0.18
16:0 345 +£0.62° 40.0 + 0.68 124 £ 049" 14.5£0.36 23.6 + 145 24.0 + 1.30
16:1 14.3 = 0.59¢ 2.5+0.24 16.1 = 0.89¢ 3.6 +0.17 9.0 +£0.37° 1.6 £ 0.04
18:0 12.0 + 0.67 15.5 + 1.75 11.4 +£ 024" 16.5 £ 045 36.3 £ 1.56" 452 % 1.16
18:1 249 + 1.43" 9.7 +£0.39 28.1 +1.82 13.2+0.53 22.5 = 1.56 14.0 £ 0.65
18:2 1.2 £0.09° 12,6 £0.76 1.4 +0.07¢ 9.6 = 0.82 0.8 +0.12¢ 5.0+0.73
20:1 — — 0.8 +0.29 0.5 = 0.06 — —
20:2 — — 1.3+0.14 0.5 +0.12 — —
20:3 9.6 £ 1.04 — 17.7 £ 0.99 — 6.8 £ 0.58 —
w9
20:3 — 33015 — 25x025 — 26 £0.71
w6
20:4 20+ 026 15.0+0.73 99 +0.28* 320+ 1.08 — 6.8 + 0.62
22:5 — — — 2.7 +0.27 — —
22:6 — — — 3.1+0.19 — —

“ Significantly different from respective control values (P < 0.001).
® Significantly different from respective control values (P < 0.01).

Values are means = SEM of five rats.

week of feeding the EFA-deficient diet, the
rats showed markedly reduced weight gains
and high triene to tetraene ratio in plasma
total lipids (5), thus indicating that the rats
were frankly deficient in EFA.

Increase in total phospholipid content of
lacrimal gland in EFA-deficient rats which
we have observed in our study is consistent
with a similar increase reported in kidney
and plasma (13) but at variance with the
results obtained in liver (14), lung (15) and
brain (16).

Total cholesterol in the lacrimal gland was
not changed, nor the ratio of free to total
cholesterol. Free to esterified cholesterol ratio
in various tissues has been examined in EFA-
deficient animals. A number of tissues such
as liver (14, 17, 18), skin (19), adrenal (20)
and ovary (21) show an increase in cholesterol
esters (22).

A reduction in FFA levels in lacrimal
glands of EFA-deficient rats as observed in
the present study is consistent with our pre-
vious findings in SMSG (23). A possible
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mechanism for reduced FFA levels in lacri-
mal glands in EFA-deficient animals may be
related to lower prostaglandin levels. Al-
though prostaglandin levels in the gland were
not measured, in EFA deficiency, tissues are
known to contain lower prostaglandin levels
(24). A reduction in prostaglandins may in
turn decrease CAMP mediated lipolysis thus
resulting in lower FFA levels in lacrimal
gland of EFA-deficient animals.

The fatty acid composition of total lipids,
FFA, TG, PC, PE and PI + PS in lacrimal
gland was substantially modified as a result
of EF A deficiency. As previously observed in
SMSG (5), the main changes in fatty acid
composition consisted of increase in 16:1, 18:
1, a decrease in 18:2 and 20:4 and an accu-
mulation of 20:3 w9 fatty acids in the deficient
gland. This was true of total lipids as well as
the other lipid fractions except TG which
contained very little of C-20 fatty acids. Our
results on the fatty acid composition of lac-
rimal glands in EFA deficiency are consistent
with the findings of other investigators with
several other tissues (25-31). Also, the
changes in fatty acid composition of total
lipids of the lacrimal gland induced by EFA-
deficiency were similar to those observed in
plasma (5).

The fatty acid composition of lacrimal
gland lipids was similar to that reported for
the SMSG (5). However in lacrimal gland of
EFA-deficient rats, there were higher levels
of 16:1 and lower levels of 18:1 in total lipids,
FFA, PC and PE fractions. Since the values
for these two fatty acids in the lacrimal gland
lipids of the control rats were not significantly
different from those of the SMSG lipids, it
appears that EFA deficiency may induce
somewhat different types of changes in the
activity of various enzymes which are in-
volved in the metabolism of monoenoic fatty
acids in the two glands.

Changes in the fatty acid composition of
lipids, especially structural lipids such as PC,
PE and PI + PS which were observed in the
lacrimal glands of EFA-deficient rats may
alter the gland function. It is known that
modifications in fatty acid composition of
membrane phospholipids in various tissues
are generally associated with functional
changes such as transport and in the activity
of various membrane-bound enzymes (32—
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34). There is some evidence that EFA defi-
ciency is associated with alteration in renewal
of photoreceptor membranes (35), the electri-
cal response of the retina (36) and the devel-
opment of the rat retina (37).

We have previously observed a reduction
in flow rate of whole saliva in EF A-deficient
rats (5). Since the changes in fatty acid com-
position of the extraorbital lacrimal gland as
observed in the present study were similar to
those previously found for the SMSQG, it is
quite likely that the flow rate and/or the
composition of lacrimal secretion may also
be altered in EFA deficiency. If so, this would
have important clinical implications in view
of the recent report (6) that in the tears of
malnourished children, the levels of immu-
noglobulin A (IgA), lysozyme and amylase
are significantly reduced. It has been sug-
gested that increased susceptibility to infec-
tion of mucosal surfaces in malnourished
children may be due to reduced concentra-
tions of protective substances such as IgA and
lysozyme in secretions. Whether the compo-
sition of lacrimal secretion is affected by EFA
deficiency needs further investigation.

Summary. Two groups of young, male,
weanling rats were fed purified diets, one
containing 7% corn oil (control) and the other
0% fat (EFA-deficient). After sixteen weeks
of feeding, rats were killed, their extraorbital
lacrimal glands were extracted for lipids, and
the lipid composition was studied. Total
phospholipid concentration was higher
whereas total cholesterol, free cholesterol and
cholesterol to phospholipid ratios were the
same in lacrimal glands of EF A-deficient rats
as compared to the controls. Total fatty acid
concentrations were the same in the two
groups. However, free fatty acid levels were
reduced in the EF A-deficient gland. The fatty
acid composition of total lipids, free fatty
acids, triglycerides, phosphatidylcholine,
phosphatidylethanolamine, and phosphati-
dylserine + phosphatidylinositol fractions ob-
tained from the lacrimal glands of EFA-de-
ficient rats showed changes in their fatty acid
patterns which are characteristic of EFA de-
ficiency, ie., an increase in 16:1 and 18:1, a
decrease in 18:2 and 20:4 and an accumula-
tion of 20:3 w9 fatty acids.
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