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Abstract We have previously shown (Mansbach, C. M. and
P. J. Nevin, 1998. J. Lipid Res. 39: 963-968) that after the
development of a mass steady state with respect to triacyl-
glycerol absorption in rats, the introduction of radiolabeled
trioleoylglycerol, while maintaining the input rate of tri-
oleoylglycerol constant at 135 wmol/h, was followed by a
slow (60 min) achievement of a radiolabel steady state in
the intestinal endoplasmic reticulum (ER). We hypothesized
that this was due to the large input load and that the time to
steady state would be shorter at lower lipid loads. Rats were
infused intraduodenally with 22.5, 45, 90, or 135 pmol tri-
oleoylglycerol/h for 6 h to obtain a mass steady state in the
intestine. [3H]trioleoylglycerol was added to the infusate
and the ER and Golgi were isolated from the proximal in-
testine after 5-60 min of radiolabel infusion. The time re-
quired to reach a radiolabel steady state in the ER length-
ened from 10 min at the 22.5 wmol/h infusion rate to 60
min at the 135 wmol/h rate. Similar data were obtained for
the Golgi. Incubation of the ER with lipase reduced the
ER-triacylglycerol amount by 43% and increased its spe-
cific activity by 73%. The amount of [*H]TG-dpm in the ER
was not reduced unless taurocholate, 10 mm, and colipase
were added.B We conclude that as the rate of triacylgly-
cerol infusion is increased, TG movement from the ER to
the Golgi progressively lengthens until finally all the tri-
acylglycerol infused cannot be transported. A portion of this
triacylglycerol is disposed on the cytoplasmic face of the ER
and thus able to be attacked by lipase whereas another frac-
tion is sequestered in the ER lumen and immune to lipase
attack unless the ER membrane is solubilized.—Mansbach,
C. M., and R. Dowell. Effect of increasing lipid loads on the
ability of the endoplasmic reticulum to transport lipid to
the Golgi. J. Lipid Res. 2000. 41: 605-612.
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The intestine is equipped to handle large amounts of
absorbed dietary lipids by using two different strategies.
These are necessary because the intestine has little control
over the rate of entry of the products of lumenal triacyl-
glycerol (TG) hydrolysis, fatty acid (FA) and monoacylgly-
cerol (MG) both of which are potentially toxic to the intes-
tinal cell, especially free FA (FFA) in high concentrations.
Thus they must be neutralized.

The first strategy used by the intestine is to bind the in-
coming FFAs and MGs to an abundant cytosolic protein,
the fatty acid binding protein (FABP). In the proximal in-
testine, where normal lipid absorption occurs, two FABPs
are expressed, liver FABP (L-FABP) (1) and intestinal
FABP (I-FABP) (2). L-FABP has been proposed as a stor-
age mechanism for FFA (3) and could perform a similar
function for MG. However, this mechanism of removing
FFA from the cytosol is limited by the amount of L-FABP
present and is likely to become quickly overwhelmed by
the mass of FFA fluxing into the enterocytes. Thus a sup-
plemental strategy is required.

The second strategy used by the intestine is the ex-
tremely rapid re-synthesis of TG from absorbed FFA and
MG such that most of the FFA present in the enterocytes is
esterified to TG (4). This effectively places the absorbed
FFA in an inert form with respect to its potential solubiliz-
ing effect on cellular membranes. In sum, the effect of
both mechanisms is to quickly and effectively remove un-
bound FA from the intestinal cytosol and thus limit the
membrane disruption potential of FFA.

The TG formed in the enterocyte as the end product of
lipid absorption is transported out of the cell in the intes-
tine’s unique TG-rich lipoprotein, the chylomicron. How-
ever, the ability of the intestine to export TG as chylomi-
crons is limited (5) and under physiological circumstances
some TG is removed by the portal route either as TG or
FFA (6). The rate-limiting step in the chylomicron export
pathway has been suggested to be between the ER and the
Golgi (4). This thesis is supported by prior morphologic
data (7, 8), physiological data (9, 10), and genetic data
(11). More specifically, the rate-limiting step has been pos-
tulated to be the formation of a vesicle that transports the
developing chylomicron from the ER to the Golgi which
has been termed the pre-chylomicron transport vesicle

Abbreviations: ER, endoplasmic reticulum; TG, triacylglycerol; FA,
fatty acid; FFA, free fatty acid; MG, monoacylglycerol; FABP, fatty acid
binding protein; PCTV, pre-chylomicron transport vesicle; TO, tri-
oleoyl; ID, intraduodenal; MGAT, monoacylglycerol acyltransferase.
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(PCTV) (12, 13). The rate at which TG can be moved to
the Golgi by the PCTV parallels the ability of the intestine
to export chylomicrons into the lymph (12).

The present investigations were designed to examine
the ability of the ER to respond to a graded increase of
the TG input load. If the ability to get TG from the ER to the
Golgi is the limiting factor in TG export, then as the intes-
tine is exposed to greater amounts of lipid we should see
the ER’s capacity to move ER-TG to the Golgi become pro-
gressively overloaded. Furthermore, consideration needs
to be given to the ability of TG to cross the ER membrane.
The solubility of TG is suggested to be limited to 3% of
the membrane lipids (14) raising the possibility that TG,
formed on the cytosolic face of the ER (15), is synthesized
more rapidly than it can be translocated across the ER
membrane. This provides a possible rationale for the
movement of TG into a storage pool and would support
prior observations that TG entering either the chylomi-
cron or portal venous pathways bifurcate at the level of
the ER (4).

METHODS

Animal preparation and TG specific activity of the ER and
Golgi as a function of both time of radiolabel infusion
and amount of TG infused

Non-fasting Sprague-Dawley rats, 250-350 g, had a PE 50 (PE
50, Clay Adams, Parsippanny, NJ) cannula placed in the duode-
num through a right sub-costal incision and in the jugular vein as
previously described (4). The tip of the intraduodenal (ID) can-
nula was at the level of the entry of the common bile duct. After
surgery, the rats were placed in a restraining cage and infused
with 0.15 m NaCl containing 5 mm KCI, and 5% (w:v) glucose
overnight at 3 ml/h. The jugular vein cannula was plugged by a
wire. The following morning, the infusion was changed to a soni-
cated emulsion containing 5, 10, 20, or 30 mm trioleoylglycerol
(TO, 99% TO, Sigma Chemical Co., St. Louis, MO), 10 mm tau-
rocholate, 0.15 m NaCl, and 10 mm Tris-HCI, pH 7.0, which was
infused at 4.5 mI/h. This gave ID infusion rates for TO of 22.5,
45, 90, or 135 wmol/h, which were infused for 6 h to develop a
mass steady state in the intestinal mucosa with respect to neutral
lipids (16). At the conclusion of the 6-h TO infusion period, the
infusate was changed only by adding [FBH]TO (®H-oleoyl-TO,
New England Nuclear, Boston, MA, all oleoyl groups were labeled)
as a tracer to final specific activities of 152,000 dpm/pu.mol, 55,700
dpm/pmol, 27,000 dpm/pmol, and 23,000 dpm/pmol, respec-
tively. The TO mass infused remained the same as previously. To
rapidly exchange non-radiolabeled TO for [BH]TO so that an ac-
curate start time of the radiolabel infusion would be known, the
radiolabeled infusate was added by injecting first 1 ml air into the
duodenal cannula, then injecting 1 ml of the appropriate
[BH]TO infusate through the cannula (injection time = 2 sec).
The [BH]TO infusion was then re-started at 4.5 ml/h for the
specified periods of time, from 5 to 30 min for the lower two lev-
els of TO infusion and from 5 to 60 min for the higher two infu-
sion rates. The radiolabel was given constantly until the time of
killing. No food other than the TO infusion was allowed during
the experiment. When 90 and 135 pmol/h TO were infused, we
have previously shown that 92-99% of the infusate is absorbed
from the lumen and distributed to the proximal half of the intes-
tine (5, 17). We assume that the percent of lipid infused remain-
ing in the lumen is similar at the two lower infusion rates. In sum,
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groups of rats were infused at four levels of TO input, from 22.5
to 135 wmol/h. At the two lower levels of TO infusion (22.5 and
45 pwmol TO/h), radiolabeled TO was infused for 4 different
time periods from 5 to 30 min. At the two higher levels of TO in-
fusion (90 and 135 pmol/h), TO was infused for 6 different time
periods from 5 to 60 min.

At the conclusion of the indicated radiolabel infusion period,
the rat was killed by the injection of pentobarbital (50 mg)
through the jugular vein cannula so that a rapid response could
be obtained. The proximal half of the intestine was quickly (20
sec) removed to a beaker of 0.15 m NaCl at 4°C and the lumen
was flushed with iced 0.15 m NaCl. The intestine was placed on
an iced glass plate and opened so that the mucosal surface was
up. The surface was cleansed with iced 0.2% Triton X-100 from a
squirt bottle to remove adherent [BH]TO (16), and then with
iced 0.15 m NaCl to remove the Triton. Finally, the mucosa was
wiped with tissue and scraped using a glass microscope slide. The
mucosa was scraped lightly such that only the mid portion of the
villus to the villus tips was removed, as previously shown by histo-
logical examination of the remaining tissue (R. Dowell and C. M.
Mansbach, unreported observations). The mucosal scrapings
were homogenized in 15 ml of 0.15 m NaCl using a glass—Teflon
homogenizer in an ice bucket. An ER-Golgi fraction was pre-
pared as described previously (12) by obtaining a post-mitochon-
drial supernatant by centrifugation of the homogenate for
140,000 g-min in a Sorvall centrifuge (DuPont Instruments,
Wilmington, DE) and the supernatant was centrifuged for 9 X
108 g-min in a 60 Ti rotor in an L8-M centrifuge (Beckman In-
struments, Fullerton, CA) at 4°C.

The ER-Golgi pellet was gently re-suspended in buffer A (0.25
m sucrose, 30 mm HEPES, 2.5 mm Mg acetate, 30 mm KCI, pH
7.2) and the density of the solution was increased to 1.22 m su-
crose as judged by an Abbe refractometer. Three ml of this sus-
pension was overlaid with 1.15 m, 0.86 m, and 0.25 m sucrose (2.6
ml each) in buffer A and centrifuged in a SW 41 rotor for 14.4 X
108 g-min in the L-8M centrifuge at 4°C. The ER was found in the
1.22 m sucrose layer and in the pellet. It was pelleted by re-centri-
fuging it in 10 mm HEPES, pH 7.0, for 8.9 X 108 g-:min in an SW
41 rotor in the L-8M centrifuge at 4°C. The pellet from this final
step was used as ER. The Golgi was taken to be the membranes
between the 1.15 m/0.86 m sucrose and the 0.86 m/0.25 m sucrose
layers (12). These layers were harvested with Pasteur pipettes,
combined, and used as Golgi without further purification. Under
these conditions, the ER has 8-fold greater specific activity of
NADPH-cytochrome C reductase activity than the whole homo-
genate and the Golgi has 16-fold greater specific activity of galac-
tosyl transferase than the whole homogenate (13).

The ER and Golgi fractions were extracted of their TG content
by a differential organic extraction technique (18) shown previ-
ously to give comparable results to TG isolated by thin-layer chro-
matography (4). TG mass was measured by processing 100 .l of
the TG-containing extract for gas-liquid chromatography (GLC)
(9). The methylated FFAs were dissolved in methylene chloride,
and 1 pl was injected onto the GLC column (Model 5880,
Hewlett-Packard, Avondale, PA equipped with a DB 23 column
from J & W Scientific, Folsom, CA). The remainder of the lipids
were dried under N, and their radioactivity was determined (Pac-
kard Tricarb model 1500 liquid scintillation spectrometer, Packard
Instrument Co., Downers Grove, IL). In this manner, TG mass and
radioactivity were determined on the same extract enhancing the
accuracy of determining the specific activity (dpm/umol).

Effect of lipase on ER-TG specific activity

Rats were prepared as above except that only the highest dose
(135 wmol/h) [BH]TO was infused ID for 6 h, except where indi-
cated. At this time, a mass and a radiolabel steady state are ex-
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pected in the intestinal mucosa (16). Purified ER was isolated
from the proximal half of the intestine as above and frozen at
—80°C until used. Lipase (porcine lipase type VI-S from Sigma
Chemical Co.) was assayed using [BH]TO as substrate and found
to release 6.5 nmol oleate per ng lipase/min at 37°C. To deter-
mine whether the specific activity of the ER-[BH]TG changed on
incubation with lipase, 180 nmol ER-TG, average specific activity
28 dpm/nmol, was incubated at 37°C with 20 g of lipase for 15
min. At the conclusion of the incubation, the reaction was
stopped by the addition of the TG extraction mixture (18) and
the [3H]TG was isolated in the top organic phase. One hundred
wl was prepared for GLC and 1 pl of the methylated FFAs in
methylene chloride was separated by GLC. The remainder of the
methylene chloride was dried under N, and the radioactivity of
the sample was determined by liquid scintillation spectroscopy.
The TG-mass and dpm found were used to calculate the specific
activity of each sample. Control incubations consisted of ER prior
to incubation and ER that underwent incubation without the ad-
dition of lipase.

It was assumed in these first incubations that because the
[BH]TG did not diminish after exposure to lipase, the ER mem-
brane excluded lipase from the ER-lumen. To determine
whether the lipase could hydrolyze the ER lumenal TG if it could
gain access to it, an additional series of experiments were per
formed which paralleled the first but which included a tube con-
taining 10 mm taurocholate, to disrupt the ER membrane, 20 pg
lipase, and 5 g colipase (Sigma Chemical Co.) resulting in a mo-
lar ratio of lipase to colipase of =1:1. In this series of experi-
ments, [*H]TG dpm and TG mass were determined by liquid
scintillation and GLC, respectively. Additional control experi-
ments utilizing ER from rats infused with 135 wmol [3BH]TO were
performed in which the ER was incubated with lipase plus coli-
pase and lipase plus 10 mm taurocholate. After the incubation,
TG was isolated and its specific activity was determined as above.

In a another series of experiments, rats were infused with 22.5
wmol/h [BH]TO for 6 h and the ER was isolated and purified as
before. The ER (30 nmol ER-TG) was incubated with lipase, 2
g, for 15 min at 37°C and the reaction was stopped, TG was ex-
tracted, and its specific activity was determined as above. Samples
of ER-TG were obtained prior to incubation with lipase and of
ER-TG that was incubated without lipase.

Materials and statistical analysis

All chemicals were from Sigma Chemical Co. unless otherwise
specified. Differences between means were analyzed by ANOVA
using Bonferroni post-test multiple comparisons.

RESULTS

In these experiments, rats were prepared by a constant
ID infusion of TO at varying loads for 6 h prior to the start
of the experiment. This resulted in a progressive increase
in the amount of TG associated with the ER as shown in
Table 1.

The experiment commenced with the introduction of
[BH]TO into the infusate while maintaining the same rate
of TO mass infusion as for the previous 6 h. As expected,
the longer the radiolabeled TO was infused, the greater
the [3H]TG specific activity of the ER-TG at each level of
TO infusion (Fig. 1) until a radiolabel steady state was
reached (22.5, 45, 90 umol/h) or the experiment was ter-
minated at 60 min (135 wmol/h). At the lowest infusion
rates (22.5 and 45 wmol/h), the greatest ER-TG specific

Mansbach and Dowell

TABLE 1. Effect of increasing trioleoylglycerol infusion
rates on ER triacylglycerol

g ER TG/mg
wmol ID TO/h? ER protein®
22.5 15.3 £ 2.3¢
45 275+ 4.1
90 36.5 = 0.58
135 74.7 ~ 8.7d

a wmol trioleoylglycerol infused intraduodenally each hour.
b Data are the mean + SEM for n = 4 rats.

€22.5 pmol/h vs. 45, 90, 135 pmol/h, P < 0.05.

4135 wmol/h vs. 90, 45, 22.5 wumol/h, P < 0.01.

activity reached was 26-28% of the specific activity of the
infusate. At the 90 wmol/h infusion rate, the highest ER-
TG specific activity reached was 40%, and at the largest in-
fusion rate, 135 pmol/h, it was 42% of infusate values
(Fig. 1).

When the mass of ID TO was increased from 22.5to 135
pmol/Zh, there were dramatic effects on the length of time
that it took to reach a radiolabel steady state in the ER
after the onset of the [BH]TO ID infusion (Fig. 1). When
the ID infusion rate was the lowest, 22.5 umol/h, a steady
state for radiolabeled TG was essentially reached in 10
min. For the 45 wmol/h TO infusion rate, 15 min was re-
quired. Times greater than 30 min were not performed
for these two infusion rates because of the attainment of
steady state conditions. However, for the 90 wmol/h infu-
sion rate, it took 45 min to reach a radiolabel steady state.
For the highest rate of TO infusion, 135 wmol/h, a steady

20+ I’p

—3-22.5 umol/h
—a— 45 umol/h
-4~ 90 umol/h
—e— 135 umol/h

0 10 20 30 40 50 60
3H-Glyceryltrioleate infusion (min)

Percentage infusate
specific activity

Fig. 1. The percentage of infusate TG-specific activity repre-
sented by ER-TG specific activity as a function of time of
intraduodenal [3H]TO infusion at increasing infusion rates. Rats
were constantly infused intraduodenally with TO in the amounts in-
dicated in the legend. After 6 h of infusion, the infusion was supple-
mented by [3H]TO such that the infused TO mass remained essen-
tially the same. The [3H]TO infusion was continued for the times
indicated, and the ER from the proximal one-half intestine was ob-
tained. The ER-TG was extracted and its mass and radioactivity
were obtained (see Methods). The specific activity of the ER-TG
was compared to that of the infusate and the result, expressed as a
percentage, is displayed on the ordinate. The data are the mean of
5 experiments with the SEM <10%; * indicates P < 0.05, 135
pwmol/hvs, 22.5, 45, 90 wmol/h; ** indicates P < 0.05, 135 wmol/h
vs. 90 wmol/h; ¢ indicates P < 0.05, 22.5 and 90 vs. 45 and 135
wmol/h at 5 min of infusion only and 90 vs. 22.5, 45, and 135 pmol/h
at 10 min.
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state was not obtained, but in prior experiments (4) using
the same infusion protocol, a steady state was obtained at
60 min. In sum, these data suggest that at low TO infusion
rates, the replacement of TG, already resident in the ER
from the constant TO infusion, by newly synthesized
[BH]TG from dietary [3H]oleate or [3H]oleoyl-MG was
rapid. As the infusion rate of TO increased, the rate of re-
placement of TG with [3H]TG progressively slowed. As the
intestinal mucosa was at mass steady state during the en-
tire experiment (5, 16), these data also imply that the per-
centage of the total TG present in the ER that is exported
to the Golgi per min is much greater at the lower TO infu-
sion rates than at the higher ones, i.e., the turnover rate of
the total ER-TG is more rapid at low infusion rates than at
higher ones. For example, using the data in Fig. 1 it can
be calculated that the t;,, for ER-TG is 5 min for the 22.5
pmol/Zh infusion rate and 30 min for the 135 pwmol/h in-
fusion rate.

Another important observation regarding the data in
Fig. 1 is that the specific activity of the [3H]TG in the ER is
always much less than that of the infusate at the radiolabel
steady state. Under the conditions of our experiments,
i.e., mass steady state, these data indicate that under all
our infusion rates, the majority of the ER-TG-FA comes
from unlabeled (endogenous) sources. Although we do
not show here that we have reached steady state with re-
gard to the 135 wmol/h infusion rate, we have previously
shown (4) this occurs at 60 min at approximately the same
percentage of infusate specific activity as shown here for
60 min of infusion.

In Fig. 2 are shown similar data for the Golgi. These
data essentially recapitulate that found for the ER with
some small differences. It should be noted that at the low-
est infusion rate, 22.5 TO/h, a radiolabel steady state is
reached extremely quickly, even at 5 min of infusion. As

70+
o —F-22.5 umol’h
=) 604
S > —=- 45 umol/h
2
25 504 -&- 90 umol/h
=3 —e— 135 umol/h
O © 404
Do
et R o S S
3o mn - ::E,—‘ i)
°a 204 L
o0
o 104
0 T 1 T T T 1
0 10 20 30 40 50 60

3H-Glyceryltrioleate infusion {min)

Fig. 2. The percentage of infusate TG-specific activity repre-
sented by Golgi-TG specific activity as a function of time of
intraduodenal [3H]TO infusion at increasing infusion rates. Rats
were infused with TO (for amounts, see legend) and subsequently
with [3BH]TO as in Fig. 1. Golgi were isolated from the proximal
half of the intestine and the specific activity of the Golgi-TG was de-
termined (see Methods). The specific activity of the Golgi-TG was
compared to that of the infusate and the result, expressed as a per-
centage, is displayed on the ordinate. The data are the mean of 5
experiments with the SEM <10%,; * indicates P < 0.05, 90 and 135
vs. 22.5 and 45 pmol/h; ¢ indicates P < 0.05, 90 vs. 135 wmol/h.
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was the case with the greater infusion rates in the ER, at
the 90 wmol/h infusion rate, a steady state was reached in
45 min and with the 135 pmol/h infusion rate, a steady
state was not demonstrated, even at 60 min of infusion.
This was expected as our previous work showed that it
took 60 min for a radiolabel steady state to occur at this in-
fusion rate (4).

If the time that it takes to develop a radioactive steady
state in the ER and Golgi is plotted as a function of the
rate of ID TO infusion (Fig. 3), a curve similar to that ex-
pected for a dose response curve is generated. We have
shown previously that the ER and Golgi reach a radiolabel
steady state at 60 min of infusion when TO was infused at
135 pmol/h (4), the value used in the figure. Because the
ER and Golgi-TG are at mass steady state during the devel-
opment of the radiolabel steady state, the curve reflects
the rate at which the entire pool of ER (Golgi)-TG is
turned over at each input rate. As shown in the figure, the
curves suggest that as the amount of TO infused is in-
creased, there is a progressive overload of TG in the ER
requiring transport to the Golgi. The data further suggest
that at an infusion rate of 135 pumol/h, the ER has
reached its capacity to handle additional TG as the curve
begins to flatten at this point. This supposition is sup-
ported by the data presented in Fig. 4.

The TG specific activities in the Golgi are a reflection of
the specific activities in the ER as the ER is the site of TG
synthesis. Therefore the block in TG transport would ap-
pear to be at the level of the ER at the exit step of TG
from the ER, or more specifically, the formation of the
PCTV. The finding that the ER and Golgi curves are
nearly parallel suggest that either the transit step from ER
to Golgi is very fast and/or that the turnover rate of TG in
the Golgi is fast. The data cannot distinguish between the
two possibilities. Either of these two mechanisms is the
likely cause of the Golgi reaching a steady state at 5 min of
TO infusion, slightly ahead of the ER.

Figure 4 shows the specific activity of the Golgi divided
by the specific activity of the ER during the ID [3H]TO
infusion. For the lowest three infusion rates, this fraction
varied between 0.7 and 1.2 after 10 min of infusion. By

75+ _
_9.? + Golgi
gg e ER
>0 50
.8 S 50
o®
3
g
o
;D: 254
EI.IJ
[t =
0 T T T T T
0 25 50 75 100 125

Glyceryltrioleate infused (umol/h)

Fig. 3. The time required to obtain a radiolabel steady state in
the ER and Golgi of the proximal intestine is plotted as a function
of the amount of TO infused intraduodenally in rats; * indicates
P < 0.05, 22.5 and 45 pmol/h vs. 90 and 135 wmol/h.
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34 —-22.5 umol/h
. —a— 45 umol/h
x -a--90 umol/h
Ez- Ne —— 135 umol/h
n m
—— | o * *
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0] T )
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3H-Glyceryltrioleate infusion (inin)

Fig. 4. Golgi specific activity as compared to ER specific activity at
each level of TO infusion (see legend) as a function of the time of
radiolabel infusion. At a ratio of 1, the ER and Golgi TG specific ac-
tivities are equal; * indicates P < 0.02, 135 vs. 22.5, 45, and 90
wmol/h excluding 22.5 wmol/h at 5 min; ¢ indicates P < 0.02, 22.5
vs. 45 and 90 pmol/h; 6 indicates P < 0.05 135 vs. 22.5, 45, and 90
pmol/h.

contrast, at the 135 wmol/h infusion rate, the ratio was
significantly greater at each time point and varied be-
tween 1.4 and 2. These data suggest at the lower infusion
rates (22.5-90 pmol/h) that the ER-TG that is trans-
ported to the Golgi is representative of the entire TG
pool present in the ER. At 135 wmol/h infusion rate, by
contrast, a disproportionate amount of ID infused
[BH]TG-oleate is transported to the Golgi from the ER,
confirming our previous observations (4). Inasmuch as
the average Golgi/ER ratio at the high infusion rate is 1.5
(30-60 min of infusion), the data suggest that 33% ex-
cess unlabeled (endogenous) TG-FA of the total pool of
ER-TG remains with the ER and is not transported to the
Golgi (1— specific activity of the ER/specific activity of
the Golgi as representative of the specific activity of the
TG in the ER lumen (4)). One explanation for the lack of
movement of a fraction of the TG from the ER to the
Golgi is that some of the TG, whose TG-FA is primarily
from unlabeled (endogenous) sources, does not translo-
cate to the lumenal side of the ER but remains on its cyto-
solic surface. To test this hypothesis, we performed the
next series of experiments.

We supposed that if TG did remain on the cytosolic face
of the ER membrane, it might be susceptible to hydrolysis
by the cytosolic intestinal, alkaline active lipase (19),
whereas the TG within the ER lumen would not, as it
would be protected from lipase attack by the ER mem-
brane (20). Because we are proposing that at the highest
infusion rate the ER-TG on the cytosolic face contains more
unlabeled (endogenous) TG-FA than the TG in the ER lu-
men, we prepared rats by infusing them with [3H]TO at
135 wmol/h to mass and radiolabel steady state, then iso-
lating the intestinal ER. Next, we incubated the [3H]TG-
ER with lipase in the expectation that the specific activity
of the ER-TG would increase after the incubation if the
lipase hydrolyzed the TG with a lower specific activity
from unlabeled (endogenous) TG-FA on the ER cytosolic

Mansbach and Dowell

R % SA

Percent of infusate SA
(Bu) o)

Start No lipase Lipase
incubation Conditions

Fig. 5. The percentage of infusate specific activity (solid bars) of
ER-TG and the ER-TG mass (hatched bars) in the ER isolated from
the proximal half intestine after 6 h of [3H]TO infusion
intraduodenally. The infusate specific activity was 68 dpm/nmol.
The conditions of the experiment were: “Start”, indicating the mass
and percent TG specific activity at the beginning of the experi-
ment, “No lipase”, indicating the percent TG specific activity and
TG mass after 15 min incubation at 37°C with no lipase added, and
“Lipase”, indicating the percent TG specific activity and mass after
15 min incubation at 37°C with lipase added. The data are the
mean = SEM; n = 4; *P < 0.01.

surface, leaving untouched the sequestered TG having a
higher specific activity (from infused [3H]TO). The re-
sults of experiments to answer this question are shown in
Fig. 5. As can be seen, there was little change in either the
amount of TG in the ER or in its specific activity when the
[BH]TG-ER was incubated without lipase as compared to
the results prior to incubation at 37°C. By contrast, after
incubation with active lipase, there was a 78% increase in
ER-TG specific activity and a 43% reduction in ER-TG
mass. These data substantiate our hypothesis concerning
the ability of lipase to attack and hydrolyze TG that is not
protected within the ER membrane.

Because the data presented in Fig. 5, which are sugges-
tive of two pools of ER-TG, were obtained using a TO infu-
sion rate of 135 wmol/h, the question arose as to the effect
of lipase attack on [3BH]TG-ER under conditions in which
one pool of TG is expected, i.e., ER isolated from rats in-
fused with TO at 22.5 pmol/h. To answer this question,
[BH]TG-ER was prepared from rats infused for 6 h with
[BH]TO at 22.5 umol/h and incubated with lipase in a
manner analogous to the data presented in Fig. 5. Under
these conditions, no change in ER-TG specific activity oc-
curred on incubation with or without lipase (68 = 9 dpm/
nmol and 66 + 8 dpm/nmol, respectively). No reduction
in TG mass was found on incubation with lipase as com-
pared to when the ER was incubated without lipase (27 =
4 pmol vs. 30 = 4 pmol, respectively).

As we propose that the [BH]TG-ER is mostly within the
ER lumen and that the ER membrane blocks access of
the lipase to the [3H]TG in its interior, disruption of the
membrane by taurocholate should enable prompt lipoly-
tic attack on this TG. As shown in Fig. 6 there was no de-
crease in the total [3BH]TG dpm with or without lipase as
compared to the TG-dpm present before the start of the
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Start NoLipase Lipase Lipase+1C
Incubation conditions

Fig. 6. The total [3H]TG-ER before incubation (Start) and after
incubation at 37°C with no lipase, lipase, or lipase, co-lipase, plus 10
mm taurocholate (see Methods). ER was isolated from the proximal
half intestine after 6 h of intraduodenal infusion with [3H]TO, 135
wmol/h. The ER was incubated at 37°C for 15 min either with no li-
pase, lipase, or lipase plus co-lipase and taurocholate. TG (20.4 ng)
was hydrolyzed in the presence of lipase, taurocholate, and coli-
pase. The data are the mean = SEM; n = 4; **P < 0.01.

experiment in the absence of taurocholate. However,
when the ER membrane was perforated by exposure to
10 mm taurocholate, rapid hydrolysis of the [3BH]TG pre-
sumably within the ER lumen occurred, resulting in a
73% reduction in TG-dpm or 131 nmol TG. The post li-
pase plus colipase plus taurocholate data confirm that
the ER membrane provides a barrier to lipase attack of
the TG within the lumen of the ER and that when the
barrier is disrupted, lipase gains access to this seques-
tered TG and rapidly hydrolyzes it. These data also sug-
gest that the ER was closed during the incubation with
lipase in the absence of taurocholate as there was no
loss of ER-TG-dpm unless taurocholate was added to the
incubation.

To be able to more clearly interpret the data in Fig. 6,
experiments were performed in an analogous manner ex-
cept that the [3BH]TG-ER was incubated with colipase and
lipase (molar ratio 1:1) in the absence of taurocholate.
Under these conditions, a 79 *+ 9% increase in ER-TG spe-
cific activity (from 31 * 4 dpm/nmol to 54 = 6 dpm/
nmol) and a 49 + 6% reduction in ER-TG mass (from 120 =
14 nmol TG to 61 = 8 nmol TG) was found as compared
to incubation in the absence of lipase and colipase. These
data support those shown in Fig. 5 and confirm that lipoly-
tic activity is active under these conditions. However, when
the same [3H]TG-ER preparation was incubated with li-
pase and 10 mm taurocholate but no colipase, only a 14 +
3% increase in ER-TG specific activity and a 18 = 3% re-
duction in TG mass were found as compared to control in-
cubations in the absence of lipase and taurocholate. The
reduction in lipolytic activity in these experiments is due
to the absence of colipase which greatly reduces lipase ac-
tivity in the presence of taurocholate above its critical mi-
cellar concentration (21). The modest lipolytic activity
present is likely due to a minor contamination by colipase
of the lipase used. This was suggested by a protein of an
M, appropriate for colipase on SDS-PAGE of the lipase re-
ceived from the supplier.
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DISCUSSION

The data presented here were designed to show the effect
of increasing the input load of TG into the intestine on in-
testinal ER, the presumptive site of the limiting step in
normal lipid absorption (7, 8, 11, 12). These experiments
were stimulated by our previous work (4) in which we
noted that only on prolonged (60 min) ID infusion of
[BH]TO did the ER reach a radiolabel steady state. In
those experiments, the radiolabel was introduced after a
mass steady state had already been achieved, an infusion
protocol similar to that used here. We found, confirmed
by our current data at the 135 wmol/h infusion rate, that
the specific activity of the ER-TG was low by comparison to
that which we found in the Golgi and, in a separate study,
chylomicrons (16). These data suggest that unlabeled (en-
dogenous) acyl groups are synthesized to TG at the level
of the ER but are not transported to the Golgi and subse-
quently into the lymph as chylomicrons. This raises ques-
tions about the ultimate disposition of these endogenous
acyl groups.

In our previous work, using a TO infusion rate of 135
pmol/Zh (4), we suggested that the slow increase in ER-TG
specific activity was due to the large amount of TG resi-
dent in the ER at the onset of the [3H]TO infusion. The
large ER-TG mass indicates that the pre-steady state in-
crease in TG mass was due to more TG being synthesized
by the ER than was being transported out of the ER to the
Golgi so that a new, but much greater, steady state level of
TG was eventually reached. If this thesis were true, then
we reasoned that at lower TG input loads, the amount of
ER-TG should be less as was found (Table 1), and there-
fore a radiolabel steady state in the ER should be more
quickly achieved after the onset of the [BH]TO infusion.
As shown in Fig. 1, this was indeed the case.

An additional interpretation of Fig. 1 is that as the TG
input load is increased, a progressive deterioration of ER
function occurs with respect to TG transport from the
ER to the Golgi. At the lower two infusion levels, 22.5 and
45 pmol/h, a radiolabel steady state is quickly achieved,
suggesting rapid movement of ER-TG to the Golgi. How-
ever, at the 90 pmol/h input rate, a steady state did not
occur until 45 min of infusion, implying slower ER-TG
transport. In all three cases, the radiolabeled TG entered
a common pool in the ER which was eventually transported
to the Golgi as indicated by the similar TG specific activity
in both the ER and Golgi. At the highest rate of infusion,
135 pmol/h, not only was the attainment of the steady
state further delayed as compared to the 90 wmol/h input
rate, but the radiolabeled TG did not enter a common TG
pool. This can be shown by the fact that the TG in the
Golgi had a higher specific activity than that of the ER, in-
dicating that a TG-pool containing exogenous TG is pref-
erentially transported from the ER to the Golgi as we have
previously suggested (4).

The specific activity increases in the ER and Golgi as
shown in Figs. 1 and 2 reflect the rate of replacement of
non-radiolabeled TG in both organelles with [BH]TG syn-
thesized from the newly instituted infusion of [BH]TO into
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the duodenum. As TG is synthesized in the ER, the appear-
ance of [3H]TG in the Golgi must reflect the specific activ-
ity of the TG in the ER lumen over time. As shown in Fig. 3,
the rate at which all the TG in both organelles is replaced
with newly synthesized TG is the same at each level of TO
infusion except at 5 min. These data suggest that the delay
in transport between the ER and Golgi is at the level of the
formation of the PCTV as it buds from the ER membrane
rather than either the transit of the PCTV across the inter-
cellular space from the ER to the Golgi or its fusion with
the cis Golgi. Once the PCTV is formed, it would appear to
rapidly traverse the ER to Golgi space as suggested by the
Golgi reaching a radiolabel steady state at the same time as
the ER with the exception of the 22.5 wmol/h infusion rate
when the Golgi reached a steady state prior to the ER.

The low specific activity TG, which dilutes the [3H]TG-
ER pool generated from infused [3H]TO at the 135
pmol/Zh TO infusion rate, must be from non-radiolabeled
or endogenous acyl group sources. Further, these endoge-
nously sourced lipids must not easily translocate to the ER
lumen to eventually become a precursor of chylomicron-
TG. If true, then the endogenous TG should remain on
the cytosolic face of the ER and be accessible to the intesti-
nal, alkaline active, lipase present in the cytosol (19). To
test this hypothesis we incubated ER with lipase (Fig. 5)
and found that only one pool of ER-TG was hydrolyzed,
the TG pool composed of endogenous acyl groups. This
was indicated by lack of hydrolysis of [3BH]TG representing
the TG sequestered in the ER lumen. As the non-radio-
labeled TG, representing the TG on the cytosolic face of
the ER, was hydrolyzed, a rise in the specific activity of the
remaining ER-TG to the level found in the Golgi was ob-
served. A further implication of this series of experiments
is that [3H]TG from dietary sources is protected from li-
polytic attack by translocating to the lumenal side of the
ER membrane. This is supported by the finding that when
the ER membrane was disrupted by taurocholate, the
[BH]TG was rapidly hydrolyzed (Fig. 6). By contrast, when
the input load of TG is small, 22.5 wmol/h TO, the TG
pool is homogeneous and nearly all the TG is able to
translocate to the ER lumen as shown by the inability of
added lipase to hydrolyze it. In sum, the nonhomogeneity
of the ER-TG pool and the inability of part of the TG pool
to traverse the ER membrane appears to be a function of
large lipid input loads into the intestine.

At an input load of 135 wmol TO/h, the question must
be raised as to whether the rate of synthesis of TG exceeds
the rate at which TG is able to translocate across the ER
membrane. This potential is raised by the fact that TG has
a finite solubility in membranes of 3% (22). The driving
force for TG synthesis by the intestine is that the entero-
cyte cannot control the input rate of FFA from the lumen.
If it does not make absorbed FFAs physicochemically
inert, the enterocyte runs the risk of the FFAs disrupting
its membranes. To guard against this, the enterocyte has
L-FABP which acts as a FFA reservoir (3) and a very high
rate of FFA esterification to TG. If the total TG synthetic
rate exceeds its rate of translocation, TG would pile up on
the cytosolic face of the ER and, if too much TG mass occurs,

Mansbach and Dowell

the TG would oil out into the cytoplasm. This could explain
the origin of the storage pool of TG in the enterocyte.

The TG remaining on the cytosolic face of the ER has
two potential fates in vivo. The first is to be hydrolyzed with
the resulting FFAs transported to the liver via the portal
vein (6, 23, 24). The second is for the TG to enter a storage
pool in the intestine from which at least a portion goes to
the liver as TG (6). This storage pool in the intestine, un-
like the case in the liver, does not donate TG for chylomi-
cron formation. This can be shown by metabolically label-
ing the pool with [3H]oleate from the circulation and
finding that when lipid is infused ID, the storage pool TG
remains heavily radiolabeled, but chylomicron-TG appear-
ing in the lymph is not (25).

The TG storage pools of the intestine and liver likely
perform different functions. In the intestine the majority
of the storage pool passes into the portal vein either as TG
or as FFA from TG hydrolysis by the cytosolic lipase (6).
Further, chylomicron-TG is derived primarily from dietary
TG, utilizing MG as the glyceride-glycerol precursor (16,
17, 26). There is direct delivery of newly synthesized TG to
the developing chylomicron (4, 16, 26). Even when chylo-
micron output is blocked by the non-ionic detergent, Plu-
ronic L-81 (L81), the TG that is blocked in the ER from
further progression (10), when released into the lymph
after the removal of the L81, shows little evidence of hy-
drolysis (17). By contrast, the liver utilizes its TG storage
pool as the major source of TG-FA for VLDL-TG (27). TG,
which is synthesized from multiple FA sources in the liver,
first may enter the storage pool as a consequence of lack-
ing MGAT expression in the adult liver (28) leaving its
glyceride glycerol to be derived from glycerol-3-phos-
phate. Once synthesized, the TG enters the liver storage
pool awaiting its potential disposition to VLDL formation.

In sum we have shown that as the ID infusion rate of
TO is increased, there is a progressive impairment of TG
movement from the ER to the Golgi. This is first mani-
fested as a lengthening of the time taken to achieve a TG
radiolabel steady state on a background of a TG mass
steady state and subsequently, at greater amounts of lipid
infusion, as an inability to translocate all the TG synthe-
sized to the ER lumen and subsequently to the Golgi. We
also establish, for the first time, that a portion of newly
synthesized TG remains on the cytosolic face of the ER
where it becomes a potential substrate for intestinal lipase.
As colipase is not required for lipase activity in the absence
of bile salts, lipase should be active against this ER-TG.HR

This study was supported by the National Institutes of Health
Grant DK-38760 and The Office of Research and Development
(R&D) Medical Research Service, Department of Veteran
Affairs (VA).

Manuscript received 8 June 1999 and in revised form 7 January 2000.
REFERENCES

1. Gordon, J. I., D. H. Alpers, and R. K. Ockner. 1983. The nucle-
otide sequence of rat liver acid-binding protein mRNA. J. Biol.
Chem. 258: 3356-3363.

Lipid transport from endoplasmic reticulum to Golgi 611

2102 ‘vT aunr uo “1sanb Aq Bio 1|l mmm woly papeojumoq


http://www.jlr.org/

ASBMB

JOURNAL OF LIPID RESEARCH

I

10.

11.

12.

13.

14.

15.

612

Alpers, D. H., A. W. Strauss, R. K. Ockner, N. M. Bass, and J. I. Gor-
don. 1984. Cloning of a cDNA encoding rat intestinal fatty acid
binding protein. Proc. Natl. Acad. Sci. USA. 81: 313-317.

Hsu, K-T., and J. Storch. 1996. Fatty acid transfer from liver and in-
testinal fatty acid-binding proteins to membranes occurs by differ-
ent mechanisms. J. Biol. Chem. 271: 13317-13323.

Mansbach, C. M., 11, and P. Nevin. 1998. Intracellular movement
of triacylglycerols in the intestine. J. Lipid Res. 39: 963—968.
Mansbach, C. M., Il, and A. Arnold. 1986. Steady-state kinetic anal-
ysis of triacylglycerol delivery into mesenteric lymph. Am. J. Physiol.
251: G263-G269.

Mansbach, C. M., 11, R. F. Dowell, and D. Pritchett. 1991. Portal trans-
port of absorbed lipids in the rat. Am. J. Physiol. 261: G530-G538.
Ament, M. E., S. S. Shimoda, D. R. Saunders, and C. E. Rubin.
1972. Pathogenesis of steatorrhea in three cases of small intestinal
stasis syndrome. Gastroenterology. 63: 728-747.

Friedman, H. I., and R. R. Cardell. 1977. Alterations in the endo-
plasmic reticulum and Golgi complex of intestinal epithelial cells
during fat absorption and after termination of this process: a mor-
phological and morphometric study. Anat. Rec. 188: 77-101.
Mansbach, C. M., 11, and P. Nevin. 1994. Effect of Brefeldin A on
lymphatic triacylglycerol transport in the rat. Am. J. Physiol. 266:
G292-G302.

Tso, P., J. A. Balint, M. B. Bishop, and J. B. Rodgers. 1981. Acute in-
hibition of intestinal lipid transport by Pluronic L-81 in the rat.
Am. J. Physiol. 241: G487-G497.

Nemeth, A., U. Myrdal, B. Veress, L. Bergland, and B. Angelin.
1995. Studies on lipoprotein metabolism in a family with jejunal
chylomicron retention. Eur. J. Clin. Invest. 25: 271-280.

Kumar, N. S., and C. M. Mansbach, Il. 1997. Determinants of tri-
acylglycerol transport from the endoplasmic reticulum to the
Golgi in intestine. Am. J. Physiol. 273: G18-G30.

Kumar, N. S., and C. M. Mansbach, 11. 1999. Prechylomicron trans-
port vesicle: isolation and characterization. Am. J. Physiol. 276:
G378-G386.

Hamilton, J. A., K. W. Miller, and D. M. Small. 1983. Solubilization
of triolein and cholesterol oleate in egg phosphatidylcholine vesi-
cles. J. Biol. Chem. 258: 1284-1280.

Bell, R. M., and R. A. Coleman. Topography of membrane-bound

Journal of Lipid Research Volume 41, 2000

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

enzymes that metabolize complex lipids. 1983. In The Enzymes.
P. D. Boyer, editor. Academic Press, New York. Vol. 16. 87-112.
Mansbach, C. M., 11, and S. Partharsarathy. 1982. A re-examination
of the fate of glyceride glycerol in neutral lipid absorption and
transport. J. Lipid Res. 23: 1009-1019.

Halpern, J., P. Tso, and C. M. Mansbach, Il. 1988. The mechanism
of lipid mobilization by the small intestine after transport block-
ade. J. Clin. Invest. 82: 74-81.

Coleman, R., and R. Bell. 1976. Triacylglycerol synthesis in isolated
fat cells: studies on the microsomal diacylglycerol acyltransferase
activity using ethanol-dispersed diacylglycerol. J. Biol. Chem. 251:
4537-4543.

Rao, R. H., and C. M. Mansbach, 11. 1993. Alkaline lipase in rat in-
testinal mucosa: physiological parameters. Arch. Biochem. Biophys.
304: 483-489.

Verger, R., J. Rietsch, M. C. E. van Dam-Mieras, and G. H. de Haas.
1976. Comparative studies of lipase and phospholipase A, acting
on substrate monolayers. J. Biol. Chem. 251: 3128-3133.
Borgstrom, B., and C. Erlanson. 1971. Pancreatic juice co-lipase—
physiological importance. Biochim. Biophys. Acta. 242: 509-513.
Hamilton, J. A., and D. M. Small. 1981. Solubilization and localiza-
tion of triolein in phosphatidylcholine bilayers: A 13C NMR study.
Proc. Natl. Acad. Sci. USA. 78: 6878-6882.

Hyun, S. A, G. V. Vahouny, and C. R. Treadwell. 1967. Portal ab-
sorption of fatty acids in lymph and protein vein-cannulated rats.
Biochim. Biophys. Acta. 137: 296—305.

McDonald, G. B., D. R. Saunders, M. Weidman, and L. Fisher.
1980. Portal venous transport of long-chain fatty acids absorbed
from rat intestine. Am. J. Physiol. 239: G141-G150.

Mansbach, C. M., 11, and R. F. Dowell. 1992. Uptake and metabo-
lism of circulating fatty acids by rat intestine. Am. J. Physiol. 261:
G927-G933.

Mattson, F. H., and R. A. Volpenhein. 1964. The digestion and ab-
sorption of triglycerides. J. Biol. Chem. 239: 2772-2777.

Mooney, R. A., and M. D. Lane. 1981. Formation and turnover of
triglyceride-rich vesicles in the chick liver cell. J. Biol. Chem. 256:
11724-11733.

Coleman, R. A., and E. B. Haynes. 1984. Hepatic monoacylglycerol
acyltransferase. J. Biol. Chem. 259: 8934-8938.

2102 ‘vT aunr uo “1sanb Aq Bio 1|l mmm woly papeojumoq


http://www.jlr.org/

