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A B S T R A C T Transport of free fatty acids from the
blood into the splanchnic region and their conversion to
triglycerides of very low density lipoproteins, together
with estimates of splanchnic oxidation of free fatty
acids to ketones and to carbon dioxide and water, have
been made in the postabsorptive state in seven normo-
lipemic subjects, six with primary endogenous hyper-
lipemia and one each with primary dysbetalipoproteine-
mia and mixed hyperlipemia. Net systemic transport of
free fatty acids into the blood was the same in normo-
lipemic and hyperlipemic groups, but a greater fraction
was taken up in the splanchnic region in the latter.
Transport into the blood in very low density lipoproteins
of triglyceride fatty acids derived from free fatty acids
was proportional and bore the same relationship to
splanchnic uptake of free fatty acids in the two groups.
In normolipemic subjects, near equilibration of specific
activities after 4 hr infusion of palmitate-1-"C showed
that almost all triglyceride fatty acids of very low den-
sity lipoproteins and acetoacetate were derived from
free fatty acids taken up in the splanchnic region. In the
hyperlipemic subjects, equilibration of free fatty acid-
carbon with acetoacetate was almost complete, but not
with triglyceride fatty acids, owing at least in part to
increased pool size. Comparison of the rate of equilibra-
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tion of triglyceride fatty acids-'4C with rate of inflow
transport from the splanchnic region, together with
other data, indicated that most of the circulating tri-
glyceride fatty acids of very low density lipoproteins in
hyperlipemic subjects were also derived from free fatty
acids. Although mean inflow transport of triglyceride
fatty acids was greater in the hyperlipemic subjects, it
correlated poorly with their concentration and it ap-
peared that efficiency of mechanisms for extrahepatic
removal must be a major determinant of the concentra-
tion of triglycerides in blood plasma of the normolipemic
as well as the hyperlipemic subjects. Estimates of
splanchnic respiratory quotient supported the concept
that oxidation of free fatty acids accounts for almost
all of splanchnic oxygen consumption in the postab-
sorptive state. Splanchnic oxygen consumption was
greater in the hyperlipemics, but fractional oxidation of
free fatty acids to ketones was higher in normolipemic
subjects. Calculations of splanchnic balance indicate that
a larger fraction of free fatty acids was stored in lipids
of splanchnic tissues in the hyperlipemics. No differ-
ences were found between the two groups in net splanch-
nic transport of glucose, lactate, or glycerol.

INTRODUCTION

The liver is a major site of removal of free fatty acids
(FFA) from the blood. In the postabsorptive state, FFA
are presumed to be the principal substrate for its oxi-
dative metabolism (2) and are virtually the sole pre-
cursor of triglyceride fatty acids (TGFA) secreted
from the liver into the blood (3-5). Alterations in hepa-
tic metabolism of FFA may be related causally to the
metabolic derangements of diabetes mellitus, fatty in-
filtration of the liver, and various hyperlipemias. A va-
riety of approaches have been used to evaluate such
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TABLE I

Characterization

Surface Ponderal Glucose
Subject Age Sex Height Weight area index tolerance

yr cm kg m2 Height(inches) k

weight(lb.) i
Normolipemic

F. G. 23 M 186 76.4 2.00 13.3 -
L. H. 24 M 185 83.2 2.07 12.8
R. R. 23 M 177 70.8 1.88 12.9 -
G. T. 24 M 181 78.7 2.00 12.8 -
WV. T. 47 M 174 56.7 1.69 13.7
G. I. 38 M 170 85.1 1.97 11.7 1.67
D. C. 59 F 161 71.0 1.75 11.8 0.77

Hyperlipemic

C. S. 43 F 158 67.4 1.69 11.8 1.74
A. F. 57 F 158 91.4 1.92 10.6 0.92
E. J. 48 F 165 68.2 1.75 12.2 0.83
G. S. 40 F 155 72.1 1.72 11.3 1.01
M. G. 39 M 176 72.3 1.88 12.8 1.74
A. S. 49 M 177 84.3 2.02 12.2 1.99
D. A. 31 M 173 93.4 2.08 11.6 -
A. Fr. 51 M 163 91.2 1.97 11.0 0.82

* Methods: cholesterol (7); phospholipids (8); triglycerides (9); protein (10).

derangements in experimental animals and in man, but
there has been no concerted effort to quantify the hepatic
uptake and metabolic conversions of FFA directly and
under ordinary conditions in vivo.

Recent studies in dogs with normal and accelerated
rates of fat mobilization (6) have shown that certain
aspects of hepatic metabolism of FFA can be quanti-
fied during continuous intravenous infusion of tracer
FFA by sampling arterial and hepatic venous blood
even though most of the blood entering the liver is de-
rived from the portal vein. This conclusion is derived
chiefly from two observations: (a) the liver takes up
titratable FFA and palmitate-14C in substantial amounts
from the blood but is not itself a source of circulating
FFA; and (b) two of the major metabolic products of
FFA which enter hepatic venous blood from the splanch-
nic region-triglycerides and ketone bodies-are svn-
thesized solely in the liver. These studies also showed
that liver accounts for about 75% of the FFA removed
from the blood in the splanchnic region.
On the basis of this information, we have undertaken

studies of the splanchnic uptake of FFA and of the con-
version of the FFA to major metabolic products in man.
Here we report results of our initial studies in healthy
subjects and subjects with primary endogenous hyper-
lipemias. The data obtained provide quantitative in-
formation concerning the contribution of FFA to hepatic

oxidative metabolism in humans fasted overnight and
the first direct and unambiguous measurements of
conversion of FFA taken up in the splanchnic region to
plasma TGFA which are shown to be secreted almost

entirely in very low density lipoproteins (VLDL). They
also indicate that conversion of FFA to TGFA in liver

is not altered in states of primary endogenous hyper-

lipemia and suggest that impaired extrahepatic metabo-

lism of VLDL triglycerides has a dominant role in the

pathogenesis of these common metabolic disorders.

METHODS

Experimental subjects (Table I). The seven normo-
lipemic subjects included four healthy, nonobese men, 20-30
yr old, a 47 yr old man with chronic asthmatic bronchitis,
and a 38 yr old man and a 59 yr old woman who were
moderately obese. These subjects had no clinical evidence
of metabolic disease and had normal serum concentrations
of creatinine, uric acid, and protein-bound iodine. Tests of
hepatic function (serum albumin, globulin, alkaline phos-
phatase, glutamic-oxaloacetic transaminase, and bilirubin)
were normal. Serum concentrations of lipids and composition
of VLDL were also in the generally accepted range of
normal. The eight hyperlipemic subjects included four men
and four women. Six had VLDL of normal composition
and electrophoretic mobility (primary endogenous hyper-
lipemia). One man (M. G.) had VLDL which were abnor-
mally rich in cholesterol and poor in triglycerides and a
broad-beta band upon lipoprotein electrophoresis in agarose
gel (primary dysbetalipoproteinemia). Another man (A. Fr.)
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of Subjects

Serum lipid concentrations* Per cent composition of very low density lipoproteins*

Total Cholesterol Free
cholesterol Phospholipids Triglycerides esters cholesterol Phospholipids Triglycerides Protein

mg/100 ml %

174 141 65 -
260 192 110
234 182 65 17 7 20 50 7
206 166 68 17 7 23 46 7
176 182 61 17 6 14 57 7
213 192 115 15 6 16 57 7
277 257 67 -

249 235 366 14 8 16 55 7
411 561 560 15 9 18 50 9
357 367 484 20 7 21 44 8
223 301 206 15 6 16 57 7
441 276 333 28 10 17 37 8
204 190 194 11 6 19 57 7
380 390 842 17 7 15 54 7
154 215 550 10 7 18 58 6

sometimes had chylomicronemia (primary mixed hyper-
lipemia) but it was not present at the time of study. A. Fr.
had had gout for 15 yr, treated with probenecid, and serum
uric acid was increased in C. S. and A. S.; serum creatinine,
protein-bound iodine, resting electrocardiogram, and X-ray
of the chest were normal in all. Tests of hepatic function
were normal in all except for slight increases of alkaline
phosphatase in M. G., A. S., and A. Fr. Fasting blood
glucose concentration was normal in all but A. Fr., who had
mild fasting hyperglycemia on the day of study. Intra-
venous glucose tolerance (0.5 g/kg) was reduced (k values
below 1.00) in A. F., E. J., A. Fr., and control subject D. C.
It was not tested in the thin normolipemic subjects or in
hyperlipemic subject D. A. Oral glucose tolerance was
normal in D. A. All hyperlipemic subjects except G. S. had
been followed for 1 yr or more. Most were on "diabetic"
diets with restriction of simple sugars, but none had lost
appreciable weight or was taking drugs known to affect
plasma lipids in the 2 months before study. None had
unusually large intake of alcoholic beverages. All subjects
were admitted to the hospital at least 3 days before splanch-
nic metabolism was studied and maintained on diets calcu-
lated to maintain weight and containing the following dis-
tribution of calories: 16% protein, 40%o carbohydrate, and
44% fat. The dinner on the night preceding the study con-
tained less than 5 g of fat with carbohydrate added to
maintain constant caloric intake.
Experimental procedure. The subjects were brought to

the laboratory without premedication 14 hr after the last
meal and rested on a fluoroscopy table. Indwelling catheters
of Teflon were inserted percutaneously into the left brachial
artery and an antecubital or forearm vein under local anes-
thesia with lidocaine. A small incision was made over the
right basilic vein in the antecubital fossa and a No. 7 or 8

Teflon-lined NIH catheter was passed to the main right
hepatic vein under fluoroscopic control. Albumin-"I was
injected intravenously for estimation of plasma volume and
blood samples were taken for analysis 10 and 30 min later.
A constant infusion of palmitate-l-15C-albumin complex
(-0.25 ACi/min) and indocyanine green (-0.65 mg/min)
was begun through the catheter in the arm vein. A slow
infusion of 0.15 M sodium chloride solution was given
through the hepatic venous catheter and it and the arterial
catheter were flushed frequently with the same solution.
No heparin was used. Every effort was made to maintain
a quiet and relaxed atmosphere and most subjects listened
to music during the procedure. During the 4 hr of study,
discomfort was minimized by occasional infiltration of
lidocaine into the site of the incision and the subjects were
allowed to bend their knees except for a period of 5 min
before each blood sampling. The blood samples were taken
from the arterial and hepatic venous catheters at 20- to
30-min intervals in the following order: 7 ml into heparin-
ized, oiled syringes for analysis of blood gases and volume
of packed red blood cells; 18 ml into dry, glass syringes
which was transferred to test tubes containing 0.01 ml of
heparin (10 U) per ml blood and chilled in ice; duplicate
samples of 2i ml into 3-ml plastic syringes for estimation
of 14CO2 and 6 ml for measurement of indocyanine green
which was placed into a plain test tube and allowed to clot.
Blood was replaced with 0.15 M sodium chloride solution.

Analytical methods. Triplicate 0.050 ml samples were
taken from the heparinized blood for analysis of glucose
(11) and 3 ml was deproteinized in 3 ml of 30% perchloric
acid for estimation of glycerol (12), acetoacetate and ,B-hy-
droxybutyrate (6), and lactate (13) by enzymatic micro-
fluorimetric procedures. Acetoacetate was assayed within
12 hr. The remainder of the heparinized blood was centri-
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fuged at 1000 g for 20 min at 30C. Duplicate 1 ml samples
were taken for extraction of lipids in Dole's mixture and
4 ml was taken for separation of VLDL (6). Total pro-
tein was estimated on 0.1 ml samples by the biuret method
(14). FFA were estimated in the washed heptane extract
from Dole's mixture and the FFA and TGFA were sepa-
rated (15). The entire fraction containing FFA and one-
half of that containing TGFA were taken for estimation
of "C (6). The remainder of the TGFA fraction was used
for estimation of glyceride-glycerol (9). VLDL separated
(from 4 ml of plasma) in the preparative ultracentrifuge
were transferred quantitatively into 40 ml of chloroform-
methanol, 2: 1; after 2 hr or more, 40 ml of 0.005 N
sulfuric acid was added. The chloroform phase was used
for analysis of "C and glyceride-glycerol. CO2 and oxygen
in blood were measured in duplicate by the method of van
Slyke and Neill (16) and "CO2 in duplicate by a modification
(6) of the method of Buhler (17). When necessary, lactes-
cent VLDL were removed (6) before analysis of indo-
cyanine green in serum (18).

Materials. Palmitate-l-"C (9 IACi//Amole) was obtained
from New England Nuclear and complexed with human
serum albumin (6). Over 99% of the "C had the typical
solubility characteristics of a long-chain fatty acid. Indo-
cyanine green was obtained as Cardiogreen (Hynson, West-
cott, & Dunning, Inc.).

Calculations. The general equations used have been
described (6). Values for conversion of palmitate-1-"4C to
TGFA in plasma and in VLDL were taken from the mean
values of five samples obtained in the steady state from

120 to 240 min after starting the isotopic infusion. In other
cases, values given are means of eight or' nine samples
except for oxygen and carbon dioxide in blood (five or
six samples) and indocyanine green (six samples). Replicate
values, obtained for all measurements except those for
VLDL, generally agreed to within ±3%.
In dogs receiving a constant intravenous infusion of

palmitate-1-'C, the steady-state specific activity of FFA
in portal venous blood was about 10% lower than that in
arterial blood, while the composition of FFA was identical
in the two sites. This indicates that in the extrahepatic
splanchnic region, FFA are not only taken up into tissues
but also released into the blood (presumably from mesen-
teric and omental adipose tissue). In contrast, the specific
activity of FFA in hepatic venous blood was not distinguish-
able from that entering the liver, indicating that FFA are
not released from the liver. Under the assumption that FFA
released in the extrahepatic splanchnic region contain no
"C, net release of FFA from the region drained by the
portal vein and from the liver can readily be calculated (6).
The difference between these two values represents the
quantity of FFA released from the extrahepatic region
which is taken up in the liver and thus does not reach the
systemic circulation. In the present studies, only arterial and
hepatic venous blood was sampled so that values for
uptake of FFA based upon extraction fraction of palmitate-
"C in the splanchnic region underestimate total splanchnic
uptake. However, from the reduction in specific activity of
FFA between artery and hepatic vein, net splanchnic
release of FFA can be calculated.

TABLE I I

Arterial Concentrations and other Values Obtained during Study of Splanchnic Metabolism

Arterial concentrations

Splanchnic
Plasma Blood

02
Plasma Plasma consump- TGFA TGFA Aceto- P-Hydroxy-

Subject volume flow tion RQ FFA (plasma) (VLDL) acetate butyrate Glucose Gly cerol Lactate

liters/ ml/ mmoles/ pmoles/ ml
m2 mmin m2 min * n12

Normolipemic

F. G. 1.73 459 1.38 - 1.03 1.50 0.82 0.184 0.296 5.8 0.067 0.136
L. H. 1.60 380 1.27 - 0.69 2.75 2.00 0.120 0.123 5.8 0.046 0.268
R. R. 1.54 304 1.52 - 0.95 1.33 0.66 0.270 0.366 6.1 0.058 0.587
G. T. 1.75 412 1.14 0.35 0.72 1.54 1.03 0.165 0.206 5.3 0.078 0.346
W. T. 1.42 446 1.82 0.54 0.54 2.26 1.75 0.208 0.349 5.t 0.050 0.196

G. I. 1.43 410 1.27 0.46 0.60 3.96 2.95 0.077 0.198 6.5 0.060 0.366
D. C. 1.30 321 1.07 - 0.90 2.25 1.23 0.235 0.155 6.0 0.065 -

Mean 1.55 390 1.35 0.45 0.78 2.23 1.49 0.178 0.242 5.8 0.055 0.316

SEM 0.063 22 0.096 0.055 0.065 0.32 0.28 0.025 0.036 0.17 0.003 0.063

Hyperlipemic

C. S. 1.60 560 1.51 - 0.75 8.83 6.92 0.116 0.262 5.5 0.070 0.370

A. F. 1.49 437 1.77 0.43 1.18 18.47 13.77 0.038 0.160 5.7 0.104 0.741

E. J. 1.51 405 1.68 0.34 0.76 15.88 14.95 0.112 0.287 5.4 0.044 0.666
G. S. 1.56 458 1.51 0.58 0.80 7.45 6.18 0.125 0.140 5.9 0.079 0.594
M. G. 1.43 380 1.78 0.41 0.71 13.80 9.50 0.175 0.165 5.8 0.077 0.341

A. S. 1.13 338 1.33 0.50 0.57 6.55 5.47 0.065 0.377 6.5 0.057 0.224
D. A. 1.44 530 2.16 0.51 0.65 27.43 27.76 0.111 0.093 5.8 - 0.325
A. Fr. 1.45 360 1.97 0.60 0.56 17.21 13.01 0.136 0.142 7.6 0.051 0.265

Mean 1.45 434 1.71 0.48 0.75 14.45 12.20 0.110 0.204 6.0 0.069 0.440
SEM 0.050 28 0.095 0.035 0.069 2.45 2.57 0.015 0.034 0.26 0.007 0.06)

P NS NS 0.05 NS NS <0.01 <0.01 0.05 NS NS NS NS
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FIGURE 1 Arterial concentrations of FFA and ketones and relation between splanch-
nic uptake of FFA and production of ketones during study of splanchnic metabolism
in normolipemic (open cirdes) and hyperlipemic subjects (closed circles). Bars indicate
SEM.

(a) Net splanchnic release of FFA (/moles per ml
plasma) = arterial concentration X extraction fraction of
palmitate-C - (arterial concentration - hepatic venous

concentration).

In the studies in dogs, the hepatic extraction fraction for
FFA averaged about 80% (range 73-84%) of that for the
entire splanchnic region. If it is assumed that this value
also applies to man, the total splanchnic release of FFA
can be calculated and, by difference, hepatic uptake of FFA
released from the extrahepatic splanchnic region can be
estimated.

(b) Tota2l splanchnic release of FFA (imoles per ml

plasma)=

net splanchnic release
1- (observed extraction fraction of palmitate,--'C X 0.8)

(c) Hepatic uptake of FFA derived from FFA entering
portal venous blood from extrahepatic region = equation
b - equation a.

Differences of mean values between groups have been
evaluated by the Wilcoxon-White two-sample ranks test

(19). Linear regressions have been calculated by the

Splanchnic Metabolism of Plasma Free Fatty Acids and Triglycerides 2021

040

0.30 -

0.20 p

0.10 1-

0D

1.oor-

-I T
-

T T
I -T-- I 1



method of least squares and their significance tested by
estimating the correlation coefficient, "r."

RESULTS

Values for volume of packed red blood cells and for

concentration of total protein of plasma in arterial and

hepatic venous samples differed by no more than 2%.

The normolipemic and hyperlipemic subjects had gen-

erally similar levels of FFA, glycerol, and P-hydroxy-
butyrate (Table II). However, the concentration of

acetoacetate was lower in the hyperlipemic group. The

concentrations of FFA and glycerol remained stable dur-

ing the 4 hr period of study, but ketone levels rose
gradually (Fig. 1). Concentrations of glucose and lac-

tate were similar in the two groups, except for mild

fasting hyperglycemia in A.Fr. The concentration of

VLDL-TGFA varied considerably in both groups of

subjects and was on the average 8 times higher in the

hyperlipemic subjects. Comparison of TGFA concen-

trations in plasma and VLDL shows that almost the en-

tire increase in TGFA of hyperlipemics was in VLDL.

Blood flow to the splanchnic region was in the ex-

pected range and was similar in the two groups, but

splanchnic oxygen consumption was higher (by 27%)
in- the hyperlipemic subjects. Splanchnic R.Q. was mea-

sured in only three of the normolipemic subjects, but

was in the same range as that observed in the hyper-
lipemics. The relationship of over-all splanchnic oxida-
tive metabolism to that of FFA will be considered later.

Net transport of FFA into arterial blood plasma was

generally in the high normal range and was similar in

the two groups (Table III). The turnover rate of FFA

was in the range expected for rested, postabsorptive
subjects (15). A significantly larger amount of FFA

TABLE I I I

Metabolism of Free Fatty Acids

Splanchnic metabolism

Total net

Uptake Total inflow (Total splanchnic
Arterial net (from uptake transport uptake)/

inflow Turnover Extraction Uptake Net portal (arterial (arterial (total net

Subject transport rate fraction (arterial) release* inflow)$ + portal)§ + portal)§ inflow transport)

pmoles/ min-' pmoles/min iM2
min m2

Normolipemic

F. G. 410 0.218 0.30 149 69 22 171 432 0.40

L. H. 246 0.218 0.32 83 28 10 93 256 0.36

R. R. 357 0.248 0.39 156 49 22 178 379 0.47

G. T. 296 0.232 0.36 94 22 9 103 305 0.34

W. T. 212 0.277 0.46 109 24 14 123 226 0.54

G. I. 245 0.297 0.34 83 43 16 99 261 0.38

D. C. 318 0.270 0.41 132 19 9 141 327 0.43

Mean 298 0.251 0.37 115 36 15 130 312 0.42

SEM 26 0.012 0.021 11.6 6.9 2.2 13.1 27.7 0.03

Hyperlipemic

C. S. 343 0.285 0.47 153 34 15 168 358 0.47

A. F. 486 0.273 0.46 236 10 7 243 493 0.49

E. J. 282 0.242 0.52 189 107 76 265 358 0.74

G. S. 340 0.269 0.48 174 52 32 206 372 0.56

M. G. 291 0.286 0.49 134 61 39 173 330 0.52

A. S. 224 0.344 0.47 91 95 57 148 281 0.53

D. A. 269 0.292 0.43 145 82 43 188 312 0.60

A. Fr. 234 0.281 0.63 129 42 42 171 276 0.62

Mean 309 0.284 0.48 156 60 39 195 348 0.57

SEM 30 0.010 0.026 16 12 7.8 14.2 24.3 0.03

P NS NS <0.01 NS NS 0.05 <0.05 NS <0.01

* From equation 1 (see Methods) X hepatic plasma flow.
From equation 3 (see Methods) X hepatic plasma flow.

§ "Total" refers to uptake or transport from arterial blood plus that entering liver from extrahepatic splanchnic region.
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FIGURE 2 Relation between uptake of FFA and oxygen consumption in splanchnic
region in normolipemic (open circles) and hyperlipemic subjects (closed circles).
Regression coefficient = 0.00327, r = 0.52; 0.05 > P > 0.02.

was taken up from the blood in the splanchnic region in
hyperlipemic subjects. This was related to two factors:
(a) a larger extraction fraction of FFA entering from
arterial blood (0.48 vs. 0.37) and (b) a larger release
of FFA from the extrahepatic splanchnic region into the
portal venous blood which was taken up, in part, in the
liver. The extraction fraction was well correlated with
the fraction of FFA taken up in the splanchnic region
(y = 0.093 + 0.84x, r = 0.77, P < 0.001). Net inflow
transport of FFA into arterial blood underestimates
"total" net inflow transport to the extent that FFA, re-

leased from the extrahepatic splanchnic region, are

taken up directly in the liver. This underestimate
amounted to an average of 5% in the normolipemic and
11% in the hyperlipemic subjects. Although splanchnic
release of FFA was significantly greater in the hyper-

lipemics, it did not correlate with extent of obesity as

estimated from the ponderal index. The greater splanch-
nic uptake of FFA in hyperlipemic subjects amounted
to more than half (mean value 57%) of net inflow trans-

port (including FFA released from the extrahepatic
splanchnic region which were taken up in the liver) as

compared with a value of 42% in the normolipemics.
When all subjects were considered together, splanchnic

uptake of FFA was directly related to splanchnic oxy-

gen consumption (Fig. 2). Splanchnic uptake of FFA

was also a function of net inflow transport, but the re-

lationship differed in the two groups (Fig. 3).
In all subjects, labeled TGFA appeared in hepatic

venous blood plasma 30-40 min after infusion of palmi-
tate-w"C was begun. The rate of appearance increased
rapidly at first, but no further increase in rate could

be detected after 120 min in either the normolipemic or

hyperlipemic groups (Fig. 4). The mean value between

120 and 240 min was therefore used to provide an esti-

mate of the conversion of FFA to TGFA entering the

blood from the splanchnic region. These estimates amount
to about 17% in both groups of subjects (Table IV).
This metabolic pathway thus accounted for 7-8% of
FFA transported in normolipemic subjects and about

10% in hyperlipemics. Although there was appreciable
individual variation, mean values for conversion of FFA

to TGFA in whole plasma and in VLDL were closely
similar in both groups; thus, no evidence for transport
of TGFA derived from FFA into plasma low density or

high density lipoproteins was obtained. In the four nor-

molipemic subjects whose VLDL-TGFA levels were

lowest, their specific activity reached a value within 10%
of that of FFA in hepatic venous blood plasma (as-
sumed to be equal to that of FFA entering the liver)
after 240 min infusion of palmitate-UC (Table IV and

Fig. 5). In the hyperlipemics, the relative specific ac-

tivity of VLDL-TGFA was much lower, but in all
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these subjects as well as the other three normolipemics,
'C was still accumulating at an approximately linear rate
after 240 min (Fig. 5).
Net inflow transport of TGFA derived from FFA

taken up in splanchnic tissues can be estimated directly
from the values for splanchnic uptake of FFA and their
fractional conversion to TGFA in plasma or VLDL
(Table IV). The two estimates did not differ systemati-
cally and were closely correlated (r = 0.82, P < 0.001).
For technical reasons, the values derived from measure-
ments of TGFA-14C in whole plasma are considered to
provide the best estimates of net inflow transport.
These values provide a valid estimate of net inflow
transport of TGFA provided there are no other pre-
cursors of plasma TGFA under the conditions of study.
From the values for specific activity of FFA and VLDL-
TGFA, this appears to be the case in the four subjects
with low concentrations of VLDL-TGFA. Additionally,

inflow transport estimated from arteriovenous differ-

ences in concentration VLDL-TGFA in six of the nor-

molipemic subjects did not differ systematically from

those based on splanchnic production of labeled TGFA

TOTAL SPLANCHNIC UPTAKE OF

(,Aumoles per min * m2)

250

200 _

150 _

100 /

50 /
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derived from palmitate-lC. The values based upon chem-
ical measurements are considerably less precisesince they
depend on measurements of glyceride-glycerol -generally
differing by less than 5%. The contribution of FFA to
inflow transport of TGFA could not be evaluated in
these ways in the hyperlipemic subjects. However, as
shown in Table V, in each of five subjects, including
three hyperlipemics, in whom measurements were made
at 210 and 240 min after starting infusion of palmitate-
4C, the specific activity of the carboxyl-carbon of aceto-
acetate was closely similar to that of hepatic venous FFA
indicating that the fatty acyl CoA pool leading to acetyl
CoA was essentially derived from FFA entering the
liver. This suggests that any VLDL-TGFA entering
plasma from liver from a source other than plasma FFA
could not be in equilibrium with the fatty acyl CoA pool
leading to mitochondrial beta oxidation. One additional
calculation of inflow transport of TGFA was made from

an estimate of the turnover rate of VLDL-TGFA, based

on the rate at which specific activity of VLDL-TGFA

approached that of its precursor, estimated from the

specific activity of FFA in hepatic venous blood (Fig.

0

0

loo 200 300 400 500

NET INFLOW TRANSPORT OF FFA (TOTAL)
( umoles per min - m2)

FIGURE 3 Relation between net inflow transport of FFA into arterial
and portal venous blood and splanchnic uptake of FFA. The relation for
normolipemic subjects (open circles, regression coefficient = 0.395, r
= 0.84, 0.02 > P > 0.01) differs from that for hyperlipemic subjects
(closed circles, regression coefficient = 0.398, r = 0.68, 0.10 > P > 0.05).

2024 R. J. Havel, J. P. Kane, E. 0. Balasse, N. Segel, and L. V. Basso



SPLANCHNIC PRODUCTION OF 14C

SPLANCHNIC UPTAKE OF FFA-'4C

0.20h

0.16

0.12k

ocek
I- ASMAt--A

* PLASMA TGFA

A CC2

0.04 F-

0
Il

50 60 90 120 150 180

MINUTES OF INFUSION OF PALMITATE-14C

210 240

FIGURE 4 Fractional conversion of palmitate-1'C taken up in splanchnic region to TGFA in
plasma and CO2 in blood during constant intravenous infusion of palmitate-14C for 240 min. Each
value represents mean of duplicate analyses in 12-15 subjects; bars indicate SEM.

5). As shown in Fig. 4, conversion of FFA-14C to

VLDL-TGFA is not constant but rather increases be-
tween 30 and 120 min of infusion, indicating that the
precursor pool only gradually comes into equilibrium
with product VLDL-TGFA. For this reason, the cal-
culation will tend to underestimate net inflow trans-

port. To minimize this error, the calculations were

based upon values during the last hour except in those
cases where the specific activity of VLDL-TGFA closely
approached that of hepatic venous FFA. Underestimation
of transport from FFA would also result from presence

of other precursors of VLDL-TGFA (20). The values
obtained with this method did not differ systematically
from and correlated with (r = 0.70, P < 0.01) those
based upon measurements of arteriovenous differences of

TGFA-14C. These results strongly suggest that very

little VLDL-TGFA in the hyperlipemic as well as nor-

molipemic subjects is derived from precursors other

than FFA entering the liver. Mean values for net inflow
transport were on the average about 50% higher in

hyperlipemic subjects. This was related to increased

splanchnic uptake of FFA rather than preferential con-

version of FFA to VLDL-TGFA. Inflow transport of

TGFA was well correlated with splanchnic uptake of

FFA (Fig. 6) as well as net iniflow transport of FFA

(r = 0.74, P < 0.01). In contrast, inflow transport of

TGFA was poorly correlated with their concentration
(Fig. 7). Generally, for a given rate of production, hy-
perlipemic subjects had much higher plasma levels of
VLDL-TGFA. The turnover time (reciprocal of turn-

over rate) of VLDL-TGFA correlated closely with
their content in plasma in both normolipemic (y =-68
+ 0.085 x, r = 0.98, P < 0.001) and hyperlipemic (y =
- 48 + 0.036 x, r = 0.93, P < 0.001) subjects as well as

in the combined groups (y = 26 + 0.033x, r = 0.95, P <
0.001).

Splanchnic oxidative metabolism of FFA did differ in

the two groups of subjects. Conversion to ketones ac-

counted for 31% of palmitate-l4C taken up in the splanch-
nic region in normal subjects compared with a value of
20% in the hyperlipemics (Table IV). These values
underestimate the actual conversions to the extent that
ketones are extracted from the blood in the extrahepatic
splanchnic area. Results obtained in dogs (6) suggest
that the underestimate is of the order of 20%. Taken
together with the probability that about 20% of splanch-
nic uptake of FFA is extrahepatic, this suggests that
almost half of the FFA entering the livers of our nor-

molipemic subjects and about one-third in the hyper-

lipemics was oxidized to ketones. During the period of

study, production of acetoacetate and P-hydroxybutyrate
tended to rise in the hyperlipemic groups but not in the

Splanchnic Metabolism of Plasma Free Fatty Acids and Triglycerides
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controls (Fig. 1). Arterial levels of ketones, however,

increased with time in both groups and this did not ap-

pear to be related to increased splanchnic production,

particularly in the normolipemic group. Significant cor-

relations were observed (Fig. 8) between the concentra-

tions of acetoacetate and P-hydroxybutyrate and their

production rates as well as between the ratio of P-hy-

droxybutyrate to acetoacetate in arterial blood and the

ratio of production rates of this redox pair. These cor-

relations did not differ significantly between the two

groups of subjects. However, the concentration of ke-

tones was directly related to ponderal index (r = 0.66,

P < 0.01). This was not true for production rates. Con-

version of palmitate-*C to CO* appearing in hepatic

venous blood was, respectively, 8 and 13% (Table IV).

These values provide a minimal estimate of oxidation

of FFA in the tricarboxylic acid cycle because of isotope

equilibration leading especially to appearance ofSC in

glucose secreted from the liver (6) and because of fixa-

tion of CO and its appearance in urea-carbon. Alternate

estimates have, therefore, been made. As shown in Ta-

ble VI, the splanchnic R.Q., corrected for measured uti-

lization of oxygen in production of acetoacetate and

fi-hydroxybutyrate and for estimated fixation of CO.

during production of urea (21, 22), averages about 0.65

in normolipemic and hyperlipemic subjects. Calculated

use of oxygen in production of ketones is underestimated

to the extent that ketones are taken up in splanchnic

tissues. However, this fact probably does not affect the

value for R.Q. since these ketones are presumably oxi-

dized to carbon dioxide and water. On this basis, it has

been assumed that all oxygen used in the splanchnic re-

gion, not attributable to oxidation of FFA to ketones,

is consumed during complete oxidation of FFA. The

estimated conversion of FFA to secreted products then

accounts for 84% of FFA taken up in the splanchnic re-

gion in normolipemic and 68% in hyperlipemic subjects.

The quantity of FFA unaccounted for (and presumably

retained in splanchnic lipids) is 3 times larger in the

hyperlipemic subjects.

Net splanchnic transport of carbohydrates is shown in

Table VII. No systematic difference was observed be-

tween the two groups of subjects for uptake of lactate

or glycerol or production of glucose. In both, uptake of

lactate and glycerol-carbon were equivalent, respectively,

TABLE IV

Splanchnic Conversion of Free Fatty Acids to Metabolic Products

Net inflow transport of TGFA

VLDL
Per cent of FFA converted to: Plasma Plasma Turnover Specific activity

radio- Radio- content of rate of ratio:

Plasma VLDL- Total chemical chemical Chemical Isotopic VLDL- VLDL- VLDL-TGFAt

' Subject TGFA TGFA ketones C02 production production production equilibration TGFA TGFA* FFA

pmoles/min e
in piAOles/ min'

ml

Normolipemic

F. G. 16.6 14.1 24 5.5 28.4 24.1 16.1 26.3 1420 0.0200 1.00

L. H. 19.3 19.8 25 5.0 18.0 18.4 17.4 24.3 3200 0.0056 0.78

R. R. 18.3 14.0 37 7.9 32.6 24.9 28.3 21.1 1020 0.0320 0.99

G. T. 19.5 15.0 24 10.0 20.1 15.5 22.0 19.2 1810 0.0111 1.07

W. T. 11.8 13.0 34 4.3 14.5 16.0 27.2 14.4 2480 O.OO59 0.67

G. I. 14.3 21.0 33 11.9 14.2 20.8 - 15.1 4230 0.0033 0.54

D. C. 23.5 19.8 37 9.0 33.2 27.8 32.1 17.4 1620 0.0207 0.93

Mean 17.6 16.7 30.6 7.9 23.0 21.1 23.9 19.7 2254 0.0141 0.85

soM 1.4 1.3 2.3 1.0 3.1 1.8 2.6 1.7 427 0.0040 0.07

Hyperlipemic

C. S. 15.0 25.5 21 - 25.6 42.8 - 28.7 11100 0.0023 0.45

A. F. 19.0 - 11 22.0 46.2 - - 47.0 20600 0.0023 0.32

E. J. 11.5 11.8 12 11.2 30.3 31.3 - 40.0 22600 0.0014 0.40

G. S. 25.8 27.5 13 9.3 55.1 55.7 - 38.1 9640 0.0057 0.55

M. G. 20.4 - 25 12.2 35.3 - - 35.7 13600 0.0026 0.50

A. S. 15.5 10.8 27 10.7 23.0 16.0 - 19.2 6190 0.0037 0.45

D. A. 15.3 13.3 15 12.2 28.8 25.0 - 24.2 40000 0.0007 0.12

A. Fr. 12.8 13.5 32 9.6 21.9 23.1 - 33.7 18900 0.0012 0.29

Mean 16.9 17.1 19.5 12.5 33.2 32.3 - 33.3 17829 0.0025 0.39

SEM 1.6 3.0 2.8 1.6 4.2 6.0 - 3.2 3753 0.0006 0.05

P NS NS <0.05 <0.05 NS NS <0.01 <0.01 <0.01 <0.01

* Calculated from values for inflow transport of plasma TGFA.

Value at 240 mi.
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to about 15 and 5% of production of glucose-carbon.
Net splanchnic uptake and concentration of glycerol
were well correlated (y = 0.017 + 0.0014x, r = 0.93,
P<0.001) but this was not the case for lactate (y=
0.207 + 0.0018x, r = 0.44, P> 0.10). Net splanchnic

400
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400 r

300 -

200 k
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0

uptake of glycerol was also well correlated with net in-
flow transport of FFA (y = 2.36 + 0.101x, r = 0.74,
P <0.01). Splanchnic production of glucose correlated
directly with splauchnic oxidation of FFA (Fig. 9) but
not with their uptake.

ISO 240

FIGURE 5 Specific activities of VLDL-TGFA and hepatic venous

FFA in a normolipemic subject (R. R., upper panel) and a hyper-
lipemic subject (A. F., lower panel). Turnover rates (k) calculated
from relation:

specific activity TGFA
=

1
e

specific activity FFA
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TABLE V
of Carbonyl-Carbon o Accloacekate

VLDL.- Specific,
Subject TGFA actSlvty*

pmoks/ml 210t 244t
G. T. 1.8 88 80
G. I. 3.0 112 83
G. S. 6.3 74 93
M. G. 9.5 90 98
D. A. 27.4 86 86

Mean 90 88

* Expressed as per cent of specific activity of FFA in hepatic
venous blood plasma X 4/17.
Min of infusion of palmitate1-J4C.

DISCUSSION

These studies indicate that the splanchnic region ac-
counts for a larger fraction of FFA removed from the
blood in man than suggested from earlier work (23, 24).
With the constant infusion technique, it has been pos-

sible to correct net uptake of FFA for FFA entering
hepatic venous blcood from the splanchnic region and also

to estimate the quantity of these FFA which are taken
up in the liver. We are unable to determine the mag-
nitude of the error introduced in calculation of this por-
tion of splanchnic uptake; however, since it usually ac-
counts for a small part of the total, its influence on cal-
culated fluxes of FFA through various pathways must be
small.

Splanchnic release of FFA apparently can vary, over
a wide range, not closely related in different subjects
to over-all rate of fat mobilization from adipose tis-
sue. Variability of the fraction of transported FFA taken
up from the blood in the splanchnic region was also
shown; in our hyperlipemic subjects this fraction was

greater than one-half. These factors together with net
inflow transport, are the main determinants of splanch-
nic uptake.
The large uptake of FFA in the splanchnic region has

suggested that, as in muscle, they may be the prime sub-

strate of oxidative metabolism (2). It has long been

known that the R.Q. is low in perfused liver (25), but

data permitting quantitative assessment of the contribu-
tion of FFA to splanchnic oxygen consumption have not

NET INFLOW TRANSPORT OF
PLASMA-TGFA
(,u&moles per min.m2) g
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FIGURE 6 Relation between splanchnic uptake of FFA (entering in arterial
and portal venous blood) and net inflow transport of TGFA into hepatic
venous blood in normolipemic (open circles) and hyperlipemic subjects
(closed circles). Regression coefficient =-0.159, r = 0.70, P < 0.01.
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FIGURE 7 Relation between net inflow transport and arterial concentration of
VLDL-TGFA in normolipemic (open circles) and hyperlipemic subjects
(closed circles). The dashed line indicates upper limit of normal concentration
of VLDL-TGFA.

been available. It was not possible to make a direct and intake of protein. The mean value of 0.65 for corrected
unambiguous measurement even with the present ap- R.Q. provides strong evidence that fatty acids are the
proach because of the complicated fate of acyl CoA- most important source of CO* produced in the tri-
carbon in a gluconeogenic tissue such as the liver. Iso- carboxylic acid cycle. The value may be expected to err
topic equilibration of this carbon with other precursors slightly on the low side because of neglect of extramito-
of oxaloacetate (chiefly amino acids) results in the ap- chondrial oxygen-utilizing reactions such as those con-
pearance of the SC in other compounds, mainly glucose. cerned with hydroxylations. The calculations shown in
We have been able to account for up to 2% of palmitate- Table VI suggest that normally about two-thirds of the
'C in extracellular glucose after 2 hr of constant infu- FFA taken up in the splanchnic region are oxidized with
sion into normolipemic subjects.' This would amount approximately equal fractions converted to ketone bodies
to about 5% of that taken up in the splanchnic region. and to CG0 and water. Of the remaining one-third, about
Without quantitative values for this and similar pro- half is secreted as VLDL-TGFA while the remainder
cesses, it is clear that conversion to CO of 'C in palmi- presumably is stored in hepatic lipids. In hyperlipemic
tate or any other compound entering the tricarboxylic subjects, a smaller fraction of FFA was oxidized to
acid cycle in the liver cannot provide reliable informa- ketones. This difference could not be related to their in-
tion concerning the extent of oxidation. It is for this rea- creased fat stores, since neither fractional conversion
son that we made the estimates shown in Table VI. of FFA to ketones nor splanchnic production of ketones
The corrected value for splanchnic R.Q. depends upon correlated with ponderal index. The greater splanchnic

unambiguous calculation of oxygen utilized during con- consumption of oxygen in hyperlipemic subjects did not

version of fatty acids to ketone bodies and an assumed suffice to balance the increased uptake of FFA. About

value for fixation of COs in urea. The latter value is not two-thirds of the FFA which escaped oxidation in these

expected to be much in error for subjects with known subject were apparently stored and one-third secreted
in VLDL-TGFA. The extent of storage did not appear

'Wolfe, B. M., and R. J. Havel. Unpublished data. -to correlate with body ifat -content as estimated from
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ponderal index and the reasons for this difference be-
tween control and hyperlipemic subjects are obscure.
We also have no explanation for the greater fractional
extraction of FFA in the splanchnic region in the
latter group, which was the major factor underlying
their greater splanchnic uptake of FFA. Possibly other
metabolic abnormalities known to exist in subjects
with endogenous and mixed hyperlipemia, such as in-
sulin resistance and hyperinsulinism, are involved. The
larger release of FFA from the extrahepatic splanchnic
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region in hyperlipemic subjects might be expected to
relate to their greater store of adipose tissue in this
area, but correlation between estimated release and pon-
dral index was not shown. Variability in distribution of
adipose tissue between mesentery and omentum and
other regions may obscure such a relationship.
Our calculations of transport of VLDL-TGFA depend

upon the extent to which precurors other than FFA are
present. From the demonstrated precursor-product re-
lationship and the over-all concordance between chemi-
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FiGuRE 8 Relation between splanchnic production and arterial values for ketone con-

centrations and ratios in normolipemic (open circles) and hyperlipemic (closed circles)
subjects. Regressions: upper left, coefficient = 1.21, r = 0.86, P <0.001; upper right,
coefficient = 0.00172, r =0.68, P <0.01; lower left, coefficient = 0.00135, r = 0.72, P
< 0.01; lower right, coefficient = 0.00218, r = 0.83, P < 0.001.
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TABLE VI
Estimated Splanchnic Utilization of Free Fatty Acids

Rates of conversion

COs attributable Per cent of FFA-
Corrected VLDL- Total to oxidation carbon secreted

Subject R. Q.* TGFA ketones of FFAt Sum Unaccounted in major products

amokes carbon/mis m2

Normolipemic

F. G. - 483 704 775 1962 948 67
L. H. 306 404 773 1483 97 94
R. R. 554 1128 761 2443 557 81
G. T. 0.57 342 424 655 1421 329 81
W. T. 0.68 247 704 1135 2086 4 100
G. I. 0.68 241 548 733 1522 121 90
D. C. 565 652 554 1771 629 74

Mean 0.643 391 652 775 1812 383 83.9
SEM 0.037 53.0 92.1 80.2 141.6 129 4.36

Hyperlipemic

C. S. - 435 588 713 1736 1122 61
A. F. 0.55 785 448 1150 2383 1747 58
E. J. 0.49 515 536 1060 2111 2399 47
G. S. 0.77 936 460 918 2314 1186 66
M. G. 0.58 600 688 1030 2318 582 80
A. S. 0.76 391 692 758 1841 677 73
D. A. 0.63 490 460 1365 2315 885 72
A. Fr. 0.82 373 920 1113 2406 504 83

Mean 0.657 565 599 1013 2178 1137 67.5
SEM 0.048 70.6 57.5 75.50 91.05 229.6 4.23

P NS NS NS NS NS <0.05 <0.05

* CO2 produced + 150,jmoles/min. m2

02 consumed - 02 attributable to production of ketones'
t Oxygen not used for ketogenesis assumed to be used for complete oxidation of fatty acids.

cal and radiochemical estimates of transport of VLDL-
TGFA, it seems clear that FFA are by far the most im-
portant precursors in our normolipemic subjects. The
evidence for this is less compelling for the hyperlipemic
subjects. Two potential hepatogenous sources of VLDL-
TGFA other than FFA must be considered. One is lo-
cal synthesis from nonlipid precursors. This seems most
unlikely since our subjects were postabsorptive and
splanchnic R.Q. was similar (mean value 0.65) to that
of the normolipemics. This value is incompatible with
substantial de novo synthesis of fatty acids. Additionally,
recent studies in subjects with endogenous hyperlipemia
infused intravenously with glucose-"C and palmitate-'H
and given substrate loads of oral glucose have shown
that, even during alimentary hyperglycemia, fatty acids
synthesized from glucose contribute only about 10% of
fatty acids in newly synthesized plasma triglycerides
(26). A second potential source of VLDL-TGFA in our

hyperlipemic subjects is preformed fatty acids stored

in hepatic lipids. This situation may obtain in insulin-
deficient, ketotic diabetic dogs with grossly fatty livers.
In such animals, it has been found that only slightly
more than half of the ketones produced by the liver are
derived from FFA taken up from the blood (6), so that
the fatty acyl CoA pool leading to ketogenesis may be
derived in part from other sources. This pool could also
contribute to synthesis of TGFA in the extramitochon-
drial compartment of the cell. In our hyperlipemic sub-
jects, this was not the case (Table V), although they did
appear to store more FFA in hepatic lipids than the
normolipemics (Table VI). Current information con-
cerning formation of VLDL-TGFA suggests that they
arise in the smooth endoplasmic reticulum, the extra-
mitochondrial site of esterification of fatty acids, and
that they remain enclosed within a tubular system until
they are secreted from the parenchymal cell (27). There-
fore, in the absence of evidence for separate pools leading
to esterification and oxidation of fatty acids, it seems
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TABLE VI I
Net Spkanchnic Transport of Carbohydrates

Glucose Lactate Uptake lactate-carbon Glycerol Uptake glycerol-carbon
Subject (net production) (net uptake) Production glucose-carbon (net uptake) Production glucose-carbon

umolks/min -sW moks/min-mi pmoles/min m2

Normolipemic

F. G. 480 44 0.05 32 0.034
L. H. 378 114 0.15 22 0.030
R. R. 423 205 0.24 33 0.039
G. T. 183 98 0.27 37 0.102
W. T. 484 67 0.07 24 0.025
G. I. 322 104 0.16 32 0.050
D. C. 295 28 0.048

Mean 366 105 0.16 30 0.047
SEM 41 23 0.04 2.0 0.010

Hyperlipemic

C. S. 448 146 0.16 35 0.039
A. F. 394 72 0.09 59 0.074
E. J. 375 154 0.21 23 0.031
G. S. 233 63 0.14 51 0.109
M. G. 328 95 0.14 36 0.055
A. S. 287 56 0.10 29 0.051
D. A. 445 116 0.13 - -
A. Fr. 1020 64 0.03 25 0.012

Mean 441 96 0.13 37 0.053
SEM 87 14 0.02 5.0 0.012

P NS NS NS NS NS

likely that in normolipemic and hyperlipemic subjects,
FFA account for 90% or more of TGFA secreted in

VLDL. It is possible, however, that pools of fatty acyl
CoA leading to esterification and oxidation are not in

equilibrium, so that stored lipid can contribute only to

VLDL precursors. It is also conceivable that stored
triglycerides are incorporated into VLDL precursors
without hydrolysis. The following considerations sug-
gest that stored hepatic lipid, not equilibrating with in-
coming FFA during the 4 hr of study, contributes rela-
tively little to VLDL-TGFA in our hyperlipemic sub-
jects. The specific activity of VLDL-TGFA was still
increasing at a linear rate in these subjects at the end
of the study, even in the five whose specific activity had
reached a level close to half that of FFA in hepatic ve-
nous blood plasma. Furthermore, if unlabeled pre-
cursors contributed as much as 20% of secreted VLDL-
TGFA, the values (Table IV) for inflow transport of
TGFA calculated from isotopic equilibration (which
are predicated upon the assumption that FFA are the
absolute precursor) should have been substantially
lower than those calculated from fractional conversion
of FFA to TGFA. The values, in fact, agreed closely

in five hyperlipemic subjects, and the values from iso-

topic equilibration were higher in two of the three
others.
Some VLDL, synthesized in intestinal mucosa, enter

the blood via the thoracic duct in the postabsorptive state
(28). Since these are thought to be derived primarily
from biliary phospholipids (29), their TGFA might
contain appreciable 14C. The agreement between values
for inflow transport of TGFA derived from isotopic
equilibration and those based upon fractional conversion
of FFA to TGFA in the splanchnic region also provides
evidence that this source of VLDL is a minor one in
postabsorptive humans.
A major conclusion that emerges from our estimates

of triglyceride transport from the liver is that a defect
in extrahepatic mechanisms for removal of TGFA
exists in at least four of our six subjects with endoge-
nous hyperlipemia. A greater inflow transport of TGFA
may have contributed to the magnitude of the abnor-
mality in A.F. and G.S. (Table IV and Fig. 7). Tri-

glyceride concentration was also related closely to effi-

ciency of removal in the normolipemic group, as

reflected, in the close correlation between plasma content

and turnover time. The normolipemic subjects were on
the whole younger and thinner than the hyperlipemics.
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However, neither age nor adiposity appears to be related
to inflow transport or plasma level of triglycerides in the
normolipemic group. A defect in removal also appears
to be present in our single subjects with familial dys-
betalipoproteinemia and mixed hyperlipemia. Defects in
removal might be expected in these latter two subjects-
in dysbetalipoproteinemia because of abnormal lipo-
protein carrier (30) and in mixed hyperlipemia because
removal of exogenous triglycerides also seems to be
impaired (31). The conclusion that a defect in removal
is present in the more common endogenous hyperlipemia
is more surprising, since no such defect for exogenous
TGFA or in the lipoprotein lipase system has been
demonstrated (27). A similar conclusion has been re-
ported recently by Quarfordt, Frank, Shames, Berman,
and Steinberg from estimates of transport of VLDL-
TGFA derived from multicompartmental analysis of "C
in FFA and VLDL-TGFA after pulse-injection of
palmitate&UC into normolipemic subjects and subjects
with endogenous hyperlipemia (32). Other studies, how-
ever, have led to the opposite conclusion. Reaven, Hill,
Gross, and Farquhar have estimated the turnover rate
of VLDL-TGFA from the slope of the die-away curve

in triglycerides after injecting labeled glycerol (33) and
have interpreted their results to indicate that removal is
normally readily saturable. Elsewhere, we have com-
pared their results with ours (1, 34). These comparisons
show that the two methods seem to give similar results
at high triglyceride levels but that our approach pro-
vides considerably higher values at normal levels. This
comparison and other data have led us to conclude that
the method used by these workers underestimates trans-
port of VLDL-TGFA in the normal range. Thus, we
have found that rates of inflow transport of TGFA may
be closely similar in normolipemic and hyperlipemic
subjects whose concentrations of VLDL-TGFA differ
by as much as fortyfold (Fig. 7). Another method
which has been employed extensively to measure trans-

port of plasma TGFA in man was proposed by Ryan
and Schwartz (35). Our results permit direct compari-
son with this method, which depends upon the accumu-
lation of isotope in- plasma TGFA during constant infu-
sion of labeled precursor. This comparison has shown
that the method proposed by Ryan and Schwartz and
used especially by Sailer, Sandhofer, and Braunsteiner
(36') underestimates transport by an average of 40-

NET SPLANCHNIC PRODUCTION
OF GLUCOSE (,amoles per min*mZ)
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FIGURE 9 Relation between oxidation of FFA and net production of glucose
in splanchnic region in normolipemic (open circles) and hyperlipemic (closed
circles) subjects. Regression coefficient = 0208, r = 0.60, 0.05 > P> 0.02 (hy-
perlipemic subject A. Fr., who had mild fasting hyperglycemia and unusually
high production rate, omitted).
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50% (1, 34). This results from: (a) neglect of re-
moval of labeled TGFA from the plasma during the
period of measurement; and (b) assumption that pe-
ripheral venous or arterial FFA are in equilibrium with
the precursor pool of VLDL-TGFA in liver. It should
be emphasized that the estimates of transport that we
have made here apply only to the postabsorptive state
in subjects on ordinary diets. Whether transport re-
sponds differently in certain hyperlipemic subjects to
various maneuvers, such as a low fat, high carbohydrate
diet, is not certain (32). It is, however, pertinent to
point out here that a decrease in efficiency of removal
would result in greater "sensitivity" to stimuli increas-
ing inflow transport from liver, when absolute changes
in concentration are the index.
Another important conclusion that can be made from

our measurements of transport of TGFA is that rate of
hepatic secretion of VLDL is a direct and apparently
linear function of splanchnic uptake of FFA. This sup-
ports earlier qualitative studies as well as similar quan-
titative studies in the dog (6). Although over-all inflow
transport of FFA was not increased in our hyperlipemic
subjects, transport of TGFA into the blood was in-
creased in proportion to increased splanchnic uptake of
FFA. Different responses to various stimuli affecting
transport of FFA, such as insulin and fat-mobilizing
hormones, could also intensify the hyperlipemia. These
may be of major importance in therapeutic maneuvers
even though they may not necessarily be directed against
the primary (presumably genetic) defect. Altered he-
patic metabolism of FFA can also affect inflow transport
of TGFA as demonstrated with the present method in
von Gierke's disease (37) and with administration of
ethanol (38).

This study has also provided some new information
concerning the dynamics of ketone metabolism in man.
As expected, the concentration of ketones in blood was
shown to be related directly to net splanchnic produc-
tion. However, increasing ketone levels during the study
were not related to increased rates of production in our
control subjects. This indicates that removal of ketones
may become less efficient with more prolonged fasting,
in agreement with recent studies in dogs (6, 39). The
direct relationship between ketone concentration (but
not production) and ponderal index suggests that de-
creased ketogenesis may not entirely explain the de-
creased tendency to ketosis observed in obesity (40).
Our data are insufficient to establish that a sex differ-
ence exists in ketogenesis. The redox couple, f-hydroxy-
butyrate-acetoacetate, has been thought to provide a
mechanism for equilibrating redox state of pyridine nu-
cleotides in hepatic and extrahepatic tissues. Our obser-
vations, which suggest that the blood reflects the
situation within the liver and other studies (41) show-

ing that fractional uptake of these two metabolites
differs in peripheral tissues, are in keeping with this
concept.
Our observations on net splanchnic uptake of lactate

and glycerol and production of glucose are in agree-
ment with published data (23, 42, 43). Other studies
have shown that, in subjects fasted overnight, only about
half of the glucose secreted can be derived from
gluconeogenic precursors.' In spite of this, we found
that glucose production correlated with estimated
splanchnic oxidation of FFA. Although the extent to
which glycogenolysis contributes to blood glucose in
each subject is not known, this is the first direct obser-
vation, under physiologic conditions, to support the
relationship (44) between gluconeogenesis and keto-
genesis which has been observed in several model
systems.
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