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Summary lipid in an acid environment (pH 3.0-6.0), could continue to act 

Ten to 30% of dietary fat is hydrolyzed in the stomach by 
lingual lipase, an enzyme secreted from lingual serous glands. 
We investigated the substrate specificity of this enzyme as well 
as the potential of lingual lipase to act in the upper small intestine 
i.e., in the presence of bile salts and lecithin. The data presented 
show that partially purified preparations of rat lingual lipase and 
the lipase in gastric aspirates of newborn infants have identical 
substrate specificity: medium-chain triglycerides were hydro- 
lyzed at rates 5-%fold higher than long-chain triglycerides; the 
rat and human enzymes do not hydrolyze the ester bond of lecithin 
or cholesteryl-ester. In contrast to pancreatic lipase, the hydrol- 
ysis of triglycerides by lingual lipase is not inhibited by lecithin. 
But, similar to pancreatic lipase the activity of lingual lipase is 
inhibited by bile salts, the extent of inhibition varying with its 
nature and concentration. This inactivation is not prevented by 
colipase but is partially averted by lipids and protein, suggesting 
that lingual lipase can remain active in the duodenum. The pH 
optimum of the enzyme (2.2-6.5 in the rat and 3.5-6.0 in human 
gastric aspirates) is compatible with continued activity in the 
.upper small intestine, especially during the neonatal period, when 
the luminal pH is under 6.5. The marked variation in lipase 
activity levels in gastric aspirates of newborn infants is probably 
due to individual variations in enzyme amounts. The character- 
istics of the lipase are however identical in infants with low, 
intermediate or high activity levels. Our results indicate that 
hydrolysis of dietary fat by lingual lipase may not be limited to 
the stomach but may continue in the upper small intestine. 

Abbreviations 

CMC, critical micellar concentration 
FFA, free fatty acid 

Up to one-third of dietary fat is hydrolyzed in the stomach by 
lingual lipase (2 1,27,28) an enzyme secreted from lingual serous 
glands (23, 27). Fat digestion in the stomach produces mainly 
partial glycerides and FFA, amphiphilic substances that help 
disperse the fat in the stomach and intestine (56). The gastric 
digestion of fat greatly enhances further hydrolysis of fat by 
pancreatic lipase in the small intestine (6,45). Initial lipolysis in 
the stomach, a necessary step for normal fat absorption (45, 5 l), 
becomes a much more important process in conditions of phys- 
iologic or pathologic pancreatic insufficiency, such as prematur- 
ity (22,37,6 1,63) or cystic fibrosis (I 3, 39). Recent studies show 
that the duodenal pH is significantly lower than normal in 
pancreatic insufficiency (14, 15) because of impaired bicarbonate 
secretion (20). In these cases lingual lipase, which hydrolyzes 

in the upper small intestine (1 3). 
This study investigated the activity of lingual lipase under the 

conditions prevailing in the stomach and upper small intestine. 
The questions that we asked were the following: Does lingual 
lipase hydrolyze other dietary lipids such as lecithin and choles- 
teryl-ester? Is the hydrolysis of triglycerides inhibited by lecithin, 
as is the case with pancreatic lipase (41)? What is the effect of 
protein on enzyme activity? Because the enzyme might continue 
to act in the duodenum, what are the effects of bile salts and 
colipase on lingual lipase? To answer these questions we studied 
two enzyme preparations: partially purified rat lingual lipase (24) 
and the lipase present in human gastric aspirates, which closely 
resembles rat lingual lipase (12, 26). 

MATERIALS AND METHODS 

Lipase preparations. Rat lingual lipase was purified from ho- 
mogenates of adult rat lingual serous glands as described previ- 
ously (24). 

Lipase in human gastric aspirates. Collection of infant gastric 
aspirates. Gastric aspirates were obtained from infants delivered 
at Georgetown University Hospital and its affiliation, Columbia 
Hospital for Women, in the delivery room as part of the routine 
neonatal care. These samples were frozen immediately and stored 
at -70°C until analysis. Studies carried out during the last few 
years have shown that under these conditions, lipase activity is 
stable for several years. 

Classification of gastric aspirates. The lipolytic activity of each 
gastric aspirate was screened on 20 p1 aliquots using a [3H]- 
triolein (C 18:l) emulsion at pH 4.2 and 8.1, as described 
previously (26). We previously established that at pH 4.2 lingual 
lipase activity .is within the optimal range, whereas pancreatic 
lipase has no activity at this pH (26). Specimens with activity at 
pH 8.1 (optimum for pancreatic lipase) were excluded from the 
study in order to avoid contamination of the gastric aspirates by 
pancreatic lipase, probably present in regurgitated duodenal con- 
tents. Gastric aspirates with lipolytic activity at pH 4.2 from 
330-660 nmol FFA. ml-' . min-I were classified as "low activity", 
activity from 66 1-995 nmol FFA . ml-I . min-' were classified as 
"intermediate activity", and activity from 996-1330 nmol FFA . 
ml-I .min-I were designated "high activity." Equal aliquots of 
gastric aspirate, from samples of the same activity group were 
pooled and used throughout the study. Six samples of gastric 
aspirates were included in each group. About 20% of gastric 
aspirates had low activity, 50% intermediate activity, and 30% 
high lipase activity levels. 

Preparation of lipid emulsions. Four lipid emulsions [3H] 
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triolein (C 18: 1, a long-chain triglyceride), ['4C]tricaprylin (trioc- 
tanoin, C 8:0, a medium-chain triglyceride), [14C]dipalmitoyl 
lecithin (a phospholipid) and [14C]cholesteryl-oleate were used as 
substrates. The long-chain and medium-chain triglyceride emul- 
sions were made by mixing 200 pmol of unlabeled with labeled 
triolein (1 mCi/pmol, Amersham, TRA- 19 1, Arlington Heights, 
IL) or camer and labeled [14C]carboxyl-tricaprylin (10 mCi/ 
mmol, New England Nuclear, NEC-195, Boston, MA) in chlo- 
roform. After evaporating the solvent, 3.3 ml of anhydrous 
glycerol (J.T. Baker Chemical Co., 1 1-2 136, Phillipsburg, NJ) 
was added and the mixture was sonicated in a polytron PCU-2- 
110 sonifier (Brinkman Instruments, Westbury, NY) at setting 7 
for 2 periods of 1 min each. To prepare the phospholipid emul- 
sions, 100 pmol of L-a-phosphatidyl choline (Sigma Chemical 
Co.) was evaporated under N2 to dryness at 55°C. Then 0.2 ml 
of absolute ethanol were added followed by 1.8 ml of warm 
distilled water, added drop by drop. This emulsion was added to 
I-['4C]dipalmitoyl L-a-phosphatidyl choline (Amersham, CFA- 
604) which was first evaporated to dryness under N2, and mixed 
vigorously for several minutes. The cholesteryl-ester emulsion 
was made as follows. Two pmols of cholesteryl-oleate was mixed 
with cholesteryl l-[14C]oleate (New England Nuclear, NEC-638) 
and evaporated under Nz to dryness. The mixture was then 
dissolved in 0.2 ml ethyl ether, 0.2 ml water, and 10 pmol of 
tauro-deoxycholate (Sigma Chemical Co.); then mixed and kept 
at 55-60°C for a few minutes. When the ether had evaporated, 
the suspension was sonicated in the Polytron sonifier at setting 
5 for 2 periods of 1 min each. Two-tenths milliliters of water was 
added to the emulsion at 60°C and the emulsion was kept at that 
temperature for a few minutes. Fifty microliters of 25% bovine 
plasma albumin, pH 6.4 was then added and the mixture was 
made up to 1 ml with water and sonicated again at setting 5 for 
2 periods of 1 min each. The emulsion was heated to 50°C before 
use. The specific activity of the lipid substrates was 100,000- 
200,000 dpm/pmol. The lipid concentration in the triglyceride, 
lecithin and cholesteryl-ester emulsions was quantitated by the 
hydroxamic acid method of Rapport and Alonzo (47). 

Assay of lipase activity. The assay system contained 1 pmol of 
labeled lipid emulsion, 7 mg of bovine plasma albumin (Fraction 
V, Armour Pharmaceutical Co., Scottsdale, AZ), 10 pmol of 
buffer, gastric aspirate or partially purified rat lingual lipase, and 
saline to bring the total volume to 200 p1. Incubation was at 
37°C in a Dubnoff shaking bath. The reaction was stopped by 
the addition of a mixture of methanol:chloroform:heptane 
(4 1 : 1.25: 1.00, v/v/v). FFA were separated from the unhydro- 
lyzed substrate by addition of 1.05 m10.05 M potassium carbon- 
ate buffer, pH 10 (3). Aliquots (0.5 ml) of the aqueous phase 
were transferred to 5 ml Aquasure scintillation fluid (New Eng- 
land Nuclear, Boston MA) and the radioactivity was measured 
in a Beckman Scintillation Counter Model LS 7500 (Beckman 
Instruments, Inc., Fullerton, CA). For screening of the lipolytic 
activity of gastric aspirates, each specimen was analyzed at pH 
4.2 and 8.1, using sodium acetate-acetic acid buffer (pH 4.2) and 
Tris-HCl buffer (pH 8.1). 

Lipolytic activity towards each lipid substrate was measured 
with different amounts of gastric aspirates (10-100 p1) or rat 
lingual lipase (0.5-5 pg protein) at pH 4.2 and 5.4 with 50 mM 
Na2HP04-citric acid buffer. In addition, the pH optimum for 
the hydrolysis of the different lipid substrates was determined by 
varying the pH of the assay system from 2.0 to 9.0 (glycine-HC1 
buffer for the pH range 2.0-3.0, sodium acetate-acetic acid buffer 
for the pH range 3.1-5.0, Na2HP04-citric acid buffer for the pH 
range 5.1-7.2 and Tris-HC1 buffer for the pH range 7.3-9.0). 
Experiments on the effect of bile salts-with and without proco- 
lipase, protein, or lipid on lingual lipase activity-were carried 
out in the lipase assay system described above, using a triolein 
emulsion described in detail previously (24, 26). Bile salts, pur- 
chased from the Calbiochem-Behring Corp. (American Hoechst 
Corp, San Diego, California), were of the highest purity com- 
mercially available. 

RESULTS 

Characteristics of rat lingual lipase. Effect ofprotein concentra- 
tion on lipase activity. Digestion of fat in the stomach and 
intestine proceeds in the presence of large amounts of protein. It 
was therefore important to establish whether lipase activity is 
affected by protein. It is known that lipid hydrolysis by pancreatic 
lipase is markedly inhibited by even low concentrations of al- 
bumin which adsorb to the oil-water interphase thus preventing 
the interaction between enzyme and substrate (41). The data 
presented in Figure 1 show that the hydrolysis of triolein by 
lingual lipase increased 60% when albumin was added to the 
assay system at a final concentration of 1 %. Raising the albumin 
concentration from 1.0 to 3.7% led to only slightly higher lipol- 
ysis. Greater lipolysis in the presence of albumin is probably due 
to the efficient binding of the released FFA by albumin, thus 
preventing product inhibition of the enzyme. In order to establish 
whether lingual lipase might continue the hydrolysis of dietary 
fat in the upper small intestine, we have investigated the effect 
of pH, procolipase, and bile salts on enzyme activity. 

Effect of pH and procolipase on the activity of lingual lipase. 
The hydrolysis of triolein by partially purified rat lingual lipase 
was measured in the pH range of 2.2-8.0 with and without 
purified porcine procolipase (a gift from Dr. J.S. Patton) (Fig. 2). 
The data show that lingual lipase has a broad optimal pH range 
from 2.2-6.4 and that the activity decreases sharply at pH 6.9. 

BSA (%) 

Fig. I .  Effect of albumin on lingual lipase activity. Albumin concen- 
tration in the assay system was increased from zero to 3.7%. 

Fig. 2. Effect of colipase on triglyceride hydrolysis by lingual lipase. 
Purified colipase was a gift from Dr. J. S. Patton. Lipase activity was 
tested in the pH range 2.2-8.3. The buffers were glycine-HC1 for pH 2.2- 
3.5, sodium acetate-acetic acid for pH 3.7-5.8, and phosphate buffer for 
pH 5.9-8.3. 
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No lipase activity could be detected at pH 7.5. The addition of 
procolipase (25 pg protein per assay tube) led to a 25% increase 
in lipolytic activity in the pH range of 3.5-5.4. Colipase did not 
prevent the marked fall in activity above pH 6.4. 

Effect of bile salts on lipase activity. The data presented in 
Figure 3 show marked variation in the effect of different bile 
salts. Taurodeoxycholate and glycodeoxycholate inhibited the 
enzyme in the concentration range of 1.5-6.0 mM whereas at 
higher concentrations (6.0-25 mM) there was only slight (tau- 
rodeoxycholate) or marked (glycodeoxycholate) stimulation of 
lipolysis. The inhibitory effect of glycocholate and taurocholate 
(Figs. 4-6), on the other hand, was highest at concentrations of 
6.0-1 5 mM and, although at higher concentrations there was a 
return to normal activity, there was no stimulation of lipolysis. 
The maximal inhibitory effect of taurocholate was shifted from 
6.0 mM to 12 mM in the presence of 3.75% albumin (Fig. 4). 
Increasing the substrate concentration from 1 pmol in the assay 
mixture (5 mM, Figs. 3 and 4) to 2.5 and 10 pmol (12.5 and 50 
mM, respectively) (Fig. 5) did not diminish the inhibitory effect 
of taurocholate. At the highest triglyceride concentration, the 
maximal inhibitory range for taurocholate was wider (6-1 8 mM) 
than at a lower triglyceride concentration (6-9 mM). The data 
suggest that the effect of bile salts on the activity of lingual lipase 
is modulated by other components of the diet such as fats and 
proteins. The inhibitory effect of bile salts on pancreatic lipase is 
prevented by colipase, a low molecular weight protein of pan- 
creatic origin (8). We, therefore, investigated the effect of pro- 
colipase on the inhibition of lingual lipase by taurocholate (Fig. 
6). The assay was camed out with and without 3.75% albumin. 
As we have seen in Figure 2, procolipase led to a slight increase 
in lipase activity, but had no effect on the inhibition of activity 
by taurocholate in the range of 3.0-30 mM. With the addition 
of 3.75% albumin, procolipase led to a greater increase in lipo- 

lytic activity. In the presence of albumin there was no inhibition 
of activity at low taurocholate concentrations (1.5-4.5 mM) and 
maximal inhibitory activity was shifted from 6 to 15 mM (see 
also Fig. 4). Again, procolipase did not prevent the inhibition of 
lingual lipase by taurocholate (Fig. 6). The data show that pro- 
colipase, although slightly stimulating the activity of lingual 
lipase, could not prevent the inactivation of the enzyme by bile 
salts. 

Na Glycodeoxycholate 
O Na Taurodeoxycholate 

60 

40 

2 0 

0 5 10 15 2 0 25 

B i l e  S a l t  (mM)  

Fig. 3. Effect of bile salts on the activity of lingual lipase. The assay 
system contained 6 pg enzyme protein per tube. Incubation was 30 min 
without albumin; substrate concentration, 1 pmol triglyceride per tube. 

3.75% Albumin 

0 No Albumin 

I I I I I I I I 1 I 

0 6 12 18 24 3 0 
N a  T a u r o c h o l a t e  (mM) 

Fig. 4. Effect of albumin on the inhibition of lingual lipase activity by taurocholate. 
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Substrate specificity of rat lingual lipase. Medium-chain tri- 
glycerides (C 8:O) were hydrolyzed by lingual lipase at rates 5-8 
times higher than those of long-chain triglycerides (Fig. 7); how- 
ever, the enzyme had no activity on phospholipids and choles- 
teryl-ester (Table 1 ) .  The hydrolysis of lecithin and cholesteryl- 
ester was tested in the pH range 2.2-8.0, with negative results at 
each pH. The data indicate that lingual lipase activity is directed 
exclusively toward triglycerides, with a preference for medium- 
chain triglycerides. Contrary to pancreatic lipase, whose activity 
toward triglycerides is markedly inhibited by lecithin, the latter 
had no effect on the hydrolysis of triolein by lingual lipase (Table 
2). Hydrolysis of triolein remained almost constant in the pres- 
ence of various concentrations of lecithin (trio1ein:lecithin ratio, 
1.0:0.04 to 1.0:0.4). 

Characteristics of lipase in gastric aspirates of newborn infants. 
The aim of the studies presented in Figs. 8-10 and Tables 1 and 
2 was to further characterize the lipase in gastric aspirates of 
newborn infants. We showed earlier (26) that: I) lipase activity 
is present in gastric aspirates of infants born at 26-40 wk gesta- 
tion, 2) the enzyme has a molecular weight similar to that of rat 
lingual lipase, and 3) bile salts affect it in a similar way to that 
reported for rat lingual lipase in the present study (Fig. 3). Our 
earlier study has shown that lipase levels fluctuate widely between 
individual infants from 10 to 1400 nmol FFA released. ml aspi- 
rate-' . min.-I when triolein was used as substrate. In the present 
study we have compared the substrate specificity of rat lingual 
lipase with that of gastric aspirates of infants with low, interme- 
diate, and high lipolytic activity levels. 

Substrate specificity of the lipase in gastric aspirates of newborn 
infants. We divided the specimens arbitrarily into three groups: 
low activity (330-660 nmol FFA . ml aspirate-' . min-I), inter- 
mediate activity (66 1-995 nmol FFA . ml aspirate-' . min-') and 
high activity (996- 1330 nmol FFA . ml aspirate-' . min-I). The 
groups are based on the hydrolysis of triolein. 

Figure 8 shows that irrespective of the level of lipolytic activity, 
hydrolysis of medium-chain triglycerides at pH 4.2 proceeds at 
rates 6-8-fold higher than those of long-chain triglycerides. The 
effect of pH and albumin, the latter of which is an efficient 
acceptor for FFA acids released during lipolysis, on the hydrolysis 
of medium- and long-chain triglycerides is shown in Figure 9. 
The hydrolysis of triolein had a pH optimum of 3.5-5.5 with 
and without albumin in the assay system. The hydrolysis of 
trioctanoin proceeded at higher rates throughout the entire pH 

range tested (2.2-8.0). Activity on medium-chain triglyceride 
(without albumin in the assay mixture) had a slightly more 
alkaline optimum, 5.0-6.0. Addition of albumin stimulated li- 
polysis in the pH range 3-6. The lipolytic activity in gastric 
aspirates of the high, intermediate, and low activity groups had 
identical pH optimum and preferred medium-chain triglyceride 
over long-chain triglyceride, suggesting that the three groups 
contain an identical lipase but probably had differing amounts 
of this lipase. As we have seen earlier with rat lingual lipase, the 
lipase in human gastric aspirates does not hydrolyze the ester 
bonds of lecithin or cholesteryl-ester (Table 1). The hydrolysis of 
these two lipids was checked in the pH range of 2.2-8.0 with 
negative results at all the pH levels tested. As with rat lingual 
lipase, lecithin did not inhibit the hydrolysis of triglycerides- 
both medium- and long-chain species-by the lipase of human 

Triglyceride 

2.5 mM 
0 10.0 mM 

I I I I I I I I I 

Na T a u r o c h o l a t e  ( m M )  

Fig. 5. Effect of bile salts on lingual lipase activity at  different sub- 
strate concentrations. All conditions are similar to those described in the 
legend to Figure 3 except that the substrate concentration was 2.5 and 
10.0 gmol triglyceride per assay tube. 

No BSA 3.75% BSA 

Control e 
Colipase A A 

1.25 3 6 9 12 15 18 21 24 27 30 
mM Na-Taurocholate 

Fig. 6. Effect of colipase, in the presence or absence of albumin, on the inhibition of lingual lipase by taurocholate. Assay conditions the same 
as for Figure 3 (no albumin) or Figure 4 (with 3.5% albumin) Substrate concentration, 1 pmol triglyceride per assay tube. 
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E n z y m e  C o n c e n t r a t i o n  C u r v e  Table 2. Effect of lecithin on the hydrolysis of triolein by rat 

120 r lingual lipase* 

L i n g u a l  L i p a s e  - f i g  p r o t e i n  

Fig. 7. Hydrolysis of medium- (C 8:O) and long- (C 18:l) chain 
triglyceride by rat lingual lipase. The assay system contained 1 pmol of 
either tri ['HI-olein or tri I [14C]-octanoin. Incubation was for 30 min. 

Table 1. Substrate speciJicity of the lipase in infant gastric 
aspirates and of purified rat lingual lipase 

Rat 
lingual 
lipase$ 

Infant gastric aspirate* (nmol 
FFA 

High Med. Low produced. 
activity? activity? activity? mg 

(nmol FFA produced. ml protein. 
Substrate aspirate. min) min) 

Triolein 
C 18:l 1067.5 686.3 418.3 11.420 
Trioctanoin 

(Tricapry- 4665.0 2994.3 1973.5 37,060 
lin) 

C 8:O 
Phosphatidyl 0 0 0 0 

choline 
Cholesteryl 0 ! O  0 0 

oleate 

*Six samples of infant gastric aspirates with similar lipolytic activity 
were pooled for each series of lipase assay. FFA, free fatty acid. 

? High activity, pooled sample ofgastric aspirates with ipolytic activity 
from 996-1330 nmol F F A  ml aspirate-'. min-l. Med. activity, pooled 
sample of gastric aspirates with lipolytic activity from 661-995 nmol 
FFA. ml aspirate-' . min-l. Low activity, pooled sample of gastric aspi- 
rates with lipolytic activity from 330-660 nmol FFA . ml aspirate-'. 
min-'. 

$ Partially purified rat lingual lipase, see "Materials and Methods." 

Lipase 
activity 

(pmol FFA 
Triolein Lecithin released. mg 
(rmol) ( ~ m o l )  protein-' . min-l) 

1 .O 0.40 4.70 
I .O 0.08 4.3 1 
1 .O 0.04 4.12 

*The assay system contained in a final volume of 200 pl, 1 pmol 
triolein, various concentrations of lecithin and 0.85 pg enzyme protein. 
FFA, free fatty acid. 

I3 W h i g h  a c t i v i t y  
A A  i n t e r m e d i a t e  a c t i v i t y  
0 l o w  a c t i v i t y  A 

, ' a" 

/ 
/ 

P' 

/ 

G a s t r i c  A s p i r a t e  (PI) 

Fig. 8. Hydrolysis of medium- (C 8:O) and long- (C 18:l) chain 
triglyceride by the lipase in gastric aspirates of newborn infants. Substrates 
as described in the footnote to Figure 7. Lipolytic activity measured at 
pH 4.2. High lipolytic activity, 996-1330 nmol FFA released per ml 
aspirate/min; intermediate activity, 661-995 nmol FFA per ml aspirate/ 
min; and low activity, 330-660 nmol FFA per ml aspiratelmin. 

gastric aspirates (Fig. 10). The hydrolysis of both triglyceride 
substrates proceeded at similar rates for 40 min in the presence 
or absence of high amounts of lecithin. 

DISCUSSION 

The data presented in this study further characterize and 
compare the activity of rat lingual lipase and the lipase of human 
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Fig. 9. Effect of pH and albumin on the hydrolysis of medium- and long-chain triglyceride by lipase in gastric aspirates of newborn infants. 
Panels A,  B, and C represent pooled specimens of gastric aspirates with lipolytic activity (toward triolein substrate) of 996-1330,66 1-995, and 330- 
560 nrnol. rnl  aspirate-'. min-', respectively. 

Trioctanoin 

c - o  TG:Lecithin 

Triolein 

Incubation (min) 
Fig. 10. Effect of lecithin on the hydrolysis of triglyceride by the 

lipase in gastric aspirates of newborn infants. 

gastric juice. The results show marked similarity between the 
two species and indicate that the enzyme could act both in the 
stomach and in the intestine. Optimal activity of pancreatic 
lipase requires the presence of colipase and bile salts (8, 7, 23). 
Furthermore, hydrolysis of triglycerides is inhibited by phospho- 
lipids (4 1) and protein (7) which prevent the action of pancreatic 
lipase at the oil/water interface. Lingual lipase seems to be a 
much less complex enzyme than pancreatic lipase (5-7), which 
would enable it to function under conditions that might not be 
compatible with pancreatic lipase activity. 

Although it is well documented that lingual lipase is active in 
the stomach (22, 27, 45, 51), the data presented in this study 
indicate that the enzyme might continue to act in the upper 
small intestine. The acidic pH optimum for lipolysis, 2.2-6.5 for 
rat lingual lipase (Fig. 2) and 3.5-6.0 for the lipase in human 
gastric juice (Fig. 9), allows the enzyme to act both in the stomach 
where the postprandial pH is 4.5-5.5 (27,45) and in the intestine 
where the pH after ingestion of a test meal is 5.0-6.5 (14). 

Lingual lipase, similarly to pancreatic lipase (7), is inhibited to 
various degrees by bile salts. Although pancreatic lipase is com- 
pletely inhibited by bile salts above their CMC, lingual lipase 
exhibits low activity near the CMC. The extent of the inhibition 

of lingual lipase depends on the structure and concentration of 
each bile acid (Figs. 3 and 4). The inhibition cannot be prevented 
by procolipase (Fig. 6), as in the case of pancreatic lipase (8, 53), 
but is reduced by increasing the concentration of triglyceride and 
protein in the reaction mixture (Figs. 4 and 5). This suggests that 
lingual lipase might be protected from inactivation by bile salts 
by various components ofthe chyme, when the mixture ofgastric 
contents enters the duodenum. 

Indeed recent studies on the stability of lingual lipase (17) 
show that the enzyme is stable at low pH and could, thus, 
accumulate in the stomach between meals without loss of activ- 
ity. Purified lingual lipase is stable for at least 1 h at pH 2.3 and 
above whereas the lipase in human gastric juice is stable at even 
lower pH (1.6), indicating that other components present in the 
stomach might stabilize the enzyme. The inactivation at low pH 
can be prevented by lipids such as triglycerides or phospholipids, 
i.e., normal substrates of the enzyme as well as lipids that are 
not hydrolyzed by lingual lipase (Table 1). Lingual lipase, there- 
fore, differs from pancreatic lipase in that the normal compo- 
nents of food, proteins, and phospholipids, stabilize the enzyme 
and enhance its activity (ref. 17 and Fig. 1) rather than inhibiting 
it as in the case of pancreatic lipase (8, 53). The same substances 
that prevent inactivation of lingual lipase at low stomach pH, 
probably protect the enzyme from inactivation by bile salts in 
the intestine. 

The role of non-pancreatic lipases in fat digestion and absorp- 
tion has been recognized for more than a century (60, 62) 
although the nature of the lipolytic enzyme remained obscure. 
Recent animal studies show that diversion of oral secretions from 
the stomach by means of esophageal fistulas, causes a decrease 
not only in intragastric lipolysis, but also in the hydrolysis of fat 
in the intestine: 66% lower than normal in the duodenum and 
30% lower in the jejunum and ileum (45). The lower fat digestion 
in animals with esophageal fistulas is accompanied by a marked 
rise in fat and bile salt excretion (5 1). 

There is good evidence from both human and animal studies 
that as much as 70% of dietary fat can be absorbed in the absence 
of pancreatic lipase. Several earlier studies have shown that 
children with congenital or acquired absence of pancreatic lipase 
(36, 48, 50, 55) absorb as much as 70% of ingested fat. Studies 
in ruminants have shown that after diversion of pancreatic 
secretion from the intestine, 47% of milk fat entered the ileum 
digested to partial glycerides and FFA, compared to 60% in 
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intact calves (18). Furthermore, 70% of long-chain triglycerides 
were absorbed in the absence of pancreatic juice. Data in rumi- 
nants show that this extent of fat hydrolysis is accomplished by 
pregastric esterase (19, 38, 46), an enzyme of similar origin and 
characteristics as lingual lipase in rat (27) and man (23). Recent 
studies in patients with cystic fibrosis, who have complete ab- 
sence of exocrine pancreatic function, show that 90% of the 
lipolytic activity measured at the ligament of Treitz, during both 
basal and postprandial conditions is that of lingual lipase (13). 
We can, therefore, assume that the digestion and absorption of 
50-80% of ingested fat in this disease (3 1, 39) is dependent upon 
the activity of lingual lipase. 

The lack of activity of lingual lipase on phospholipids and 
cholesteryl-ester (Table 1) suggests that these dietary fats have to 
be hydrolyzed by pancreatic enzymes (5, 35) and possibly by 
lipases or esterases of the intestinal mucosa (1 1, 54). Although, 
in vitro, the hydrolysis of medium-chain triglycerides proceeds 
at higher rates than that of long-chain triglyceride (Figs. 7-9), 
recent studies show that long-chain and medium-chain triglyc- 
erides in infant formulas are hydrolyzed to the same extent in 
the stomach of newborn infants (43). The discrepancy between 
in vitro activity, which is higher on medium-chain and short- 
chain triglycerides, and efficient hydrolysis of long-chain triglyc- 
erides in vivo, is thus common to both lingual and pancreatic 
lipase (49). 

Lingual lipase is especially important for normal fat absorption 
in the newborn when milk fat is the major source of dietary 
lipid. Triglycerides (the major component of milk fat) are present 
in milk of humans and of other species as spherical droplets 2- 
3 pm in diameter (4). The droplets contain a core of triglyceride 
and other non-polar lipids and an outer membrane composed of 
polar lipids, chiefly phospholipid and protein, derived mainly 
from the cell membrane during milk secretion (44). In the 
absence of colipase, milk fat globules are resistant to the action 
of pancreatic lipase (1 2,45) but are readily hydrolyzed by lingual 
lipase (27, 45). Furthermore, preincubation with lingual lipase 
leads to a 20-fold increase in the subsequent hydrolysis of the 
triglyceride in milk fat globules by pancreatic lipase (45). This 
effect could be due to alteration of the surface topography of the 
milk globule membrane during hydrolysis of its triglyceride core 
by lingual lipase. The products generated by lingual lipase, FFA 
and monoglycerides, being relatively polar, can locate in the 
surface layer (9). Their presence would dislocate proteins and 
phospholipids causing the underlaying triglyceride core to be 
more accessible to pancreatic lipase. Contrary to pancreatic lipase 
(which penetrates phospholipid-covered fat droplets only in the 
presence of colipase), lingual lipase is able to penetrate through 
the milk fat globule membrane. Our recent studies show that as 
much as 15% of human milk triglycerides can be hydrolyzed by 
lingual lipase without change in the microscopic appearance of 
the milk fat globules (43). Because lingual lipase has no activity 
against phospholipids (Table l), we suggest that it can penetrate 
polar lipid membranes and hydrolyze the core triglyceride with- 
out hydrolyzing membrane lipid components. Furthermore, dur- 
ing the hydrolysis of milk fat droplets by lingual lipase, no visible 
liquid-crystalline product phases (as seen during triglyceride hy- 
drolysis by pancreatic lipase (40), are formed. The products of 
lingual lipase activity, protonated fatty acids and diglyceride, 
appear to remain dissolved in the triglyceride core of the milk 
fat globule. This may be the reason why lingual lipase makes 
milk fat globules better substrates for pancreatic lipase (12, 45). 
Fatty acids increase lipase-colipase binding (42) and the binding 
of colipase to bile salts (42, 57). Furthermore, fatty acids in the 
oil phase enhance colipase binding to substrate and subsequent 
hydrolysis by pancreatic lipase (6). The reaction products formed 
during intragastric lipolysis by lingual lipase, not only aid the 
emulsification of fat in the stomach, but also enhance the affinity 
of pancreatic lipase and colipase for fat droplets thereby insuring 
the efficient digestion of fat in the duodenum. 

The marked similarity in the characteristics of rat lingual lipase 

and the lipase in human gastric aspirates suggests that human 
lingual lipase (23) accounts for most of the activity in the gastric 
juice (12, 26, 59). Although a lipase (52, 58) has been identified 
in the gastric mucosa of the rat by histochemical (2) and bio- 
chemical techniques (10, 32), it has been shown that this enzyme 
is specific for short- and medium-chain triglycerides and has no 
activity on long-chain triglycerides. Quantitation of gastric lipase 
from birth to adult age shows that in the rat, the activity amounts 
to only 1-5% of that of lingual lipase at all age periods studied 
(34). The very low activity of this enzyme suggests that it does 
not contribute significantly to the digestion of dietary fat in the 
stomach. It may, however, play a role in the absorption of 
medium-chain triglyceride-fatty acids through the gastric mucosa 
(1). 

The early appearance of lingual lipase activity in the fetus (25, 
26, 34) and the marked rise in activity after birth suggest that 
the enzyme plays an important role in fat digestion in the 
newborn (16, 29), a period of high fat intake and immature 
pancreatic function (30). Lingual lipase, indeed, becomes the 
major digestive enzyme in diseases associated with chronic pan- 
creatic insufficiency (1 3). We suggest, therefore, that lingual 
lipase, an important digestive enzyme under normal conditions, 
plays a major role in the digestion of fat in conditions associated 
with exocrine pancreatic insufficiency. 
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