
Increased Liver Fatty Acid Uptake
Is Partly Reversed and Liver Fat
Content Normalized After
Bariatric Surgery
Diabetes Care 2018;41:368–371 | https://doi.org/10.2337/dc17-0738

OBJECTIVE

Changes in liver fatty acid metabolism are important in understanding the mecha-
nisms of diabetes remission and metabolic changes after bariatric surgery.

RESEARCH DESIGN AND METHODS

Liver fatty acid uptake (LFU), blood flow, and fat content (LFC) were measured in
25 obese subjects before bariatric surgery and 6 months after using positron emis-
sion tomography/computed tomography andMRS; 14 lean individuals served as the
control subjects.

RESULTS

The increased LFU in obese subjects was associated with body adiposity. LFU was
reduced postoperatively but was still high compared with the control subjects. LFC
was normalized. Liver bloodflow (per unit volume)was higher in obese subjects than
in the control subjects at baseline and was further increased postoperatively; how-
ever, the total organ blood flow was unchanged as the liver volume decreased.

CONCLUSIONS

The findings suggest that in a postoperative state, intrahepatic fatty acids are not
stored in the liver but are used for oxidation to provide energy. Changes in perfusion
may contribute to improved liver metabolism postoperatively.

Hepatic metabolism and insulin sensitivity are improved after bariatric surgery (BS).
The current study explored the mechanisms of surgery-induced metabolic changes by
measuring liver fatty acid uptake (LFU) in conjunctionwith the quantification of hepatic
blood flow and liver fat content (LFC).

RESEARCH DESIGN AND METHODS

The study recruited25morbidly obese femaleparticipantswhowere scheduled forBS (1).
Of the subjects, 16 did not have diabetes, and 6 had impaired fasting glucose and/or
impaired glucose tolerance. Nine subjects with type 2 diabetes (2) were taking oral
medication, which was discontinued 24 h before the study. The control subjects were
14 healthy, lean, age-matched individuals.
The obese subjects were studied before BS and 6months after. The operationwas a

sleeve gastrectomy (SG) in 16 or a Roux-en-Y gastric bypass (RYGB) in 9 (1). All subjects
signed an informed consent form before the inclusion. The study protocol was ap-
proved by the Ethics Committee of Hospital District of Southwest Finland.
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Positron Emission Tomography
Imaging and Data Analyses
The subjects underwent positron emis-
sion tomography/computed tomography
imaging after an overnight fast. Liver blood
flow was measured with 15O-labeled ra-
diowater (15O-H2O) and dynamic imaging
using a hybrid GE Discovery VCT scanner.
Subsequently, the LFU was measured
with a palmitate analog fluoro-6-thia-
heptadecanoic acid (18F-FTHA) (3) 64–
77 min after the injection. During the
LFU imaging session, plasma free fatty
acids (FFAs), radioactivity, and metabo-
lites were measured (4).
Hepatic time-activity curves from

15O-H2O and 18F-FTHA images were ob-
tained bymanual drawings using Carimas
2 software. Liver perfusionwas calculated
from15O-H2O– deriveddatabyusing tissue-
derived arterial and portal input functions
(5). LFU was calculated from the frac-
tional uptake of 18F-FTHA by using arteri-
alized metabolite corrected plasma

radioactivity as an input function and
multiplied by mean plasma FFA levels (4).

Liver Fat, Volume, and Biopsies
A whole-body MRI scan (Gyroscan Intera
CV Nova Dual; Philips, Amsterdam, the
Netherlands) was performed to obtain
liver volume and LFC (6,7). Abdominal vis-
ceral and subcutaneous fat masses were
calculated using SliceOmatic, version 4.3,
software. Liver tissue was obtained from
a needle biopsy during the bariatric proce-
dure andwas placed/preserved in formalin
for histologic analyses. Biopsy specimens
were evaluated according to a standard-
ized histologic scoring system for nonalco-
holic fatty liver disease (8,9).

Measurements of insulin sensitivity
and statistical analyses are presented in
the Supplementary Data.

RESULTS

The mean weight loss was 25.56 8.3 kg,
with no differences between the SG and

RYGB procedures. Oral glucose insulin sen-
sitivity was normalized to that of the con-
trol subjects, and HOMA-insulin resistance
was improved. Remission from diabetes
occurred in six of the nine subjects. Pa-
tients without remission all underwent an
SG and lost less weight than patients with
remission (15.56 2.2 kg vs. 24.86 3.9 kg,
respectively, P = 0.01).

Before the operation, the obese sub-
jects had high LFC, and borderline steato-
hepatitis was noted in the liver biopsy
specimens of two subjects. LFC normal-
ized within 6 months (Fig. 1A). Moreover,
liver volume decreased but remained el-
evated postoperatively (Fig. 1B). Com-
pared with the control subjects, LFU was
higher before the operation (Fig. 1C and
D), driven by higher circulating FFAs in
obese subjects. No significant difference
in LFU or in LFC was measured between
subjectswithdiabetes, subjectswith impaired
fasting glucose/impaired glucose tolerance,
and those without diabetes. Plasma FFA

Figure 1—LFC (A), liver volume (B), whole-liver FFAuptake (C), liver FFAuptakeper volumeof tissue (D), andwhole-liver (E), arterial (F), and portal venous
blood flow (G) in control subjects and in obese subjects at baseline and after surgery. *P , 0.05 vs. control subjects; #P , 0.05 vs. obese subjects at
baseline.
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remained elevated, and the fractional up-
take ratewas unchangedpostoperatively.
SG and RYGB led to similar effects on LFU.
The reduction in liver volume resulted in a
postoperative decrease in the whole-
organ LFU (Fig. 1C). Perfusion of the
whole liver remained elevated (Fig. 1E).
At baseline, in the pooled data, the

whole-organ LFU correlated with body
adiposity assessed by visceral fat mass (r =
0.493, P = 0.002), BMI (r = 0.736, P ,
0.0001), whole-body fat content (r = 0.656,
P, 0.0001), abdominal subcutaneous fat
(r = 0.731,P,0.001), and leptin (r= 0.682,
P, 0.0001). However, LFC and LFU were
not associated (r = 0.256, P = 0.131). The
portal venous blood flow in the obese
subjects at baseline was inversely corre-
lated with LFU (r = 20.684, P , 0.0001).

CONCLUSIONS

The study demonstrated that LFU was in-
creased in morbid obesity, as expressed

by a per liver volume unit (;40%) or
in the whole organ (;130%). The BS re-
sulted in a normalization of the LFC. The
LFUwas reduced after BS but not normal-
ized compared with the control subjects
(;30% higher per mL of tissue and;90%
higher in the whole organ). The results are
in line with our previous study on moder-
ately obese subjects where the LFU (per
mL of tissue) was reduced by 26% after a
6-week period of a very low-calorie diet
(10). The persistence of high FFA uptake
compared with lean control subjects, to-
gether with the marked reduction in LFC,
suggests fatty acids may be preferentially
directed into oxidation after BS instead of
being accumulated in the liver.

This study also provided novel data on
changes in liver blood flow in obesity and
after surgery-induced weight loss. The
studydemonstrated thatwhole-liver blood
flow is 84%higher in obese comparedwith
lean subjects. Portal bloodflowper volume

of tissue was increased after BS, but as
the liver volume decreased along with the
surgery-induced weight loss, the whole-
organ blood flow was unchanged. The
reason for the increase in portal vein blood
flow is not clear but may partly depend on
postoperative changes in vasoactive sub-
stances suchas incretinhormones. Interest-
ingly, portal vein blood flow and LFU were
inversely related. Correlations do not es-
tablish causality, andwe can only speculate
whether the increase in postsurgery liver
blood flow limits the amount of FFA uptake
and exposure in the liver by increasing sub-
stratewashout fromthehepatic circulation.

Our results showed that LFU was re-
lated to body adiposity. Increased adipos-
itywas accompanied by an increase in the
FFA released from adipose tissue. We
have shown that at fast, LFU relies primar-
ily upon systemic lipolysis (11). We note
that arterialized peripheral FFA con-
centrations were measured and that

Figure 1—Continued.
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concentrations of FFA in the portal vein
might be higher. Results from our previ-
ous study suggest that obese individuals
have a higher visceral fat FFA contribution
compared with lean subjects (12). The
difference in FFAs appearing in the portal
versus systemic circulationwas significant
in obese subjects and less pronounced in
the control subjects. Accordingly, using pe-
ripheral FFA concentrations to measure
LFU may lead to a (more) severe underes-
timation of the FFA uptake when visceral
fat stores are increased. This might explain
some of the differences between our re-
sults and the study by Klein et al. (13),
where adipose tissue lipolysis was de-
creased after gastric bypass. Cumulatively,
our data suggest that LFU is promoted by
enlarged body adiposity and high circulat-
ing FFA levels and is suppressed at/by
higher portal blood flow rates.
Surgery-induced weight loss has a rapid

effect on LFC. Although increased LFU is
expected to play a role in lipid accumula-
tion, LFU and LFC were not related. In ad-
dition to increased FFA uptake, other
factors, such as increased de novo lipogen-
esis, reduced lipoprotein secretion, and im-
paired FFA oxidation, may contribute to
lipid accumulationand to thedevelopment
of nonalcoholic fatty liver disease. In-
creased LFU could augment lipid oxidation.
The decrease in insulin levels, as seen post-
operatively, could be predicted to de-
crease LFC by diverting FFA flux from
lipogenesis to oxidation (14).
In conclusion, we have shown that mor-

bid obesity is characterized by increased
LFU. BS and concomitant weight loss leads
to a resolution of fatty liver and improve-
ment inhepatic insulin sensitivity. Increased
LFU is partly reversed by surgery-induced
weight loss. The persistence of high FFA
uptake, despite a normal fat content in the
liver, suggests a change in the use of fatty
acids from storage to oxidation after surgery.

Acceleratedportal bloodflowmay relate to
improved liver metabolism after surgery.
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