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Abstract

Background Recent developments of magnetic resonance
imaging (MRI) and spectroscopy have made it possible to
quantify lipid deposited in different tissues. To what extent an
improvement of glucose tolerance shortly after Roux-en-Y
gastric bypass surgery (RYGBP) is reflected in lipid levels in
liver and skeletal muscle, markers of insulin resistance, has
not been clarified.

Methods Whole-body MRI and MR spectroscopy (MRS) of
liver and muscle and measurements of biochemical markers
of glucose and lipid metabolism were performed at baseline
and 1, 6, and 12 months following surgery in seven morbidly
obese women. Volumes of adipose tissue depots and liver
and muscle lipids were assessed from the MRI/MRS data.
Results At 1 month postoperatively, body mass index and
visceral and subcutaneous adipose tissues were reduced by
9%, 26%, and 10%, respectively, whereas no reductions in
intrahepatocellular or skeletal intramyocellular lipid concen-
trations were found. Free fatty acid and beta-hydroxybutyrate
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levels were elevated two- and sixfold, respectively; glucose
and insulin levels were lowered, indicating increased insulin
sensitivity. Further weight loss up to 1 year was associated
with reductions in all investigated lipid depots investigated,
with the exception of the intramyocellular compartment.
Conclusion RYGBP causes rapid lipid mobilization from
visceral and subcutaneous adipose depots and enhanced free
fatty acid flux to the liver. An exceptional disconnection
between liver fat and insulin sensitivity occurs in the early
dynamic phase after surgery. However, in the late phase, the
energy restriction imposed by the surgical procedure also
reduces the liver lipids, but not the intramyocellular lipids.

Keywords Gastric bypass - Hepatic lipids - Free fatty acids -
Insulin - Adiponectin - Leptin

Introduction

Bariatric surgery is proven to be one of the most effective
treatments for morbid obesity. It is accompanied by sustained
weight loss and improvements in obesity-associated morbid-
ities, as recently well documented in a large 10-year follow-up
[1]. Remarkably, rapid improvement in glucose tolerance,
even reversal of type 2 diabetes, can be seen already at a
time when the effect on weight loss is minor [2—4]. This is
most pronounced after Roux-en-Y gastric bypass (RYGBP)
and after biliopancreatic diversion (BPD). The improvement
in glucose tolerance is mainly due to improved insulin
sensitivity rather than increased insulin secretion, as both
fasting glucose and fasting insulin levels fall after surgery.
The increased insulin sensitivity has also been demonstrated
by the use of euglycemic—hyperinsulinemic clamps in
patients operated on with BPD [3, 4]. The mechanism
behind the reversal of insulin resistance after gastric surgery
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is not fully understood and is the focus of much current
interest, including studies in experimental animals [5].

In morbid obesity, the body fat mass is expanded by
excess lipid deposition in adipose tissues, as well as in
other organs. Visceral fat is metabolically more active than
subcutaneous fat [6] and is considered to play a main role
for the development of dysmetabolic state with insulin
resistance and hyperlipidemia [7, 8]. Fat deposited in liver
[9] and skeletal muscle [10, 11] also seem to be of
importance in this regard and are surrogate markers of
insulin resistance. In obesity and type 2 diabetes, increased
liver fat is commonly found and is related to insulin
resistance, dyslipidemia, and visceral adiposity [12].

Recent developments in magnetic resonance imaging
(MRI) and spectroscopy have made it possible to quantify
lipid deposited in different tissues. The purpose of this
study was, therefore, to investigate the relationship between
alterations in lipid depots and markers of insulin resistance
following RYGBP.

Materials and Methods

Seven morbidly obese women, mean age 35 years (range
22-47), mean weight 122 kg (range 97-137), and mean
body mass index (BMI) 43.7 kg/m? (range 38-48), were
recruited from the obesity program at Samariterhemmet
Hospital in Uppsala, Sweden. None of the subjects had a
specific hepatic disease disorder resulting in fatty liver or a

history of alcohol abuse. Written consent was obtained from
all subjects. The patients underwent RYGBP at the Depart-
ment of Surgery at Uppsala University Hospital. The surgical
procedure was performed by creating a small proximal
gastric pouch at the lesser curvature of the stomach, which
was totally separated. The jejunum was divided 20-30 cm
distal to the ligament of Treitz, and a 70-cm Roux-limb was
made. The small bowel continuity was restored by a
jejunojejunostomy. The Roux-limb was placed retrocolic,
retrogastric, and anastomosed to the small gastric pouch
directly below the esophagus [13]. Thus, the main stomach
and duodenum are bypassed and all ingested food will pass
directly into the proximal jejunum. Preoperatively, a whole-
body MRI scan was done, blood was taken, and body
height and weight were measured to determine the BMI. At
1, 6, and 12 months postoperatively, these procedures were
repeated.

Blood Analyses

Blood was collected after an overnight fast and sera and
plasma were prepared and stored at —70°C until analysis.
Fasting plasma glucose, total cholesterol, low-density lipo-
protein (LDL)-cholesterol, high-density lipoprotein (HDL)-
cholesterol, triglycerides, and free fatty acids (FFAs) were
measured with routine clinical chemistry laboratory techni-
ques. Insulin was analyzed with an AutoDELFIA automatic
immunoassay system (Wallac Oy, Turku, Finland). All
analyses were performed at Uppsala University Hospital.

Table 1 Biochemical variables

and lipid depots in seven mor- 0 1 month 6 months 12 months
bidly obese women at baseline
and following RYGBP surgery Weight (kg) 122+13 11012 93+11 80=+11
BMI (kg/m?) 43.7+4.1 39.743.5 334442 28.7+4.2
Glucose (mmol/L) 5.84+0.73 5.41£0.62 4.86+0.43 5.01+0.61
Insulin (mU/L) 23.6+ 11.2 15.3£10.6 6.40+£2.94 4.67+0.86
HOMA index 6.17+£3.04 3.95+£3.32 1.37+0.63 1.05+0.29
FFA (mmol/L) 0.57+0.27 1.14+0.49 0.69+0.23 0.52+0.15
Beta-hydroxybutyrate (umol/L) 67.9+57.3 309+207 167+103 97.3£93.9
Triglycerides (mmol/L) 1.69+0.59 1.88+0.97 1.30+0.36 1.23+0.49
Absqlute values (mean + SD) Leptin (ug/L) 48.2+18.2 29.5+11.2 16.2+6.28 14.1+£6.69
are given . . Adiponectin (mg/L) 6.77+2.32 7.16+2.56 7.89+2.48 13.3+5.28
gjg ;’;Zﬁ?ﬂiﬂg’s"zzlgf;‘f Cholesterol (mmol/L) 4.44£0.72 3.84+038 3.8940.61 4274074
tissue, TAT total adipose tissue, LDL (mmol/L) 2.60+0.58 2.034+0.31 2.1740.43 2.30+0.46
[HCL intrahepatocellular lipid HDL (mmol/L) 1.07+0.24 0.9740.13 1.10+0.27 1.39+0.31
levels LDL/HDL (mmol/L) 2.50+0.81 2.21+0.62 1.97+0.38 1.69+0.34
AVAT and SAT were measured VAT? (cm3) 2,198+886 1,574+668 1,038+413 667+336
using a volume center around SAT* (cm3) 8,688+2,196 7,812+2,045 5,520+1,729 3,884+1,163
L4/LS5 interface and extended TAT (dm®) 66.9+9.0 58.5+9.5 41.9+9.2 29.8+6.4
bi8 cm IHCL (%) 14.4+8.15 13.8+£8.52 6.13+8.86 1.85+2.31
IMCL and EMCL values in Liver volume (cm”) 2,036+377 1,829+355 1,593+328 1,428+188
healthy normal weight IMCL® (%) 0.37+0.18 0.47+0.16 0.44+0.15 0.34+0.06
subjects, 0.21£0.11 and EMCL (%) 4.971.02 456111 3.54+1.00 3.0340.65

1.240.4 [19]
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Beta-hydroxybutyrate was spectrophotometricaly determined
in plasma with an enzymatic end-point method [14]. Leptin
and adiponectin were analyzed in plasma samples as
described [15]. The homeostasis model assessment (HOMA)
index was calculated by multiplying fasting plasma glucose
and fasting serum insulin and then dividing by 22.5 [16].

Magnetic Resonance Imaging

Whole-body imaging was performed using an axial T1-
weighted spoiled gradient echo acquisition [repetition time
(TR)/echo time (TE)=180/4.6 ms] with two different flip
angles (30 and 80 degrees), and T1-mapping was per-
formed prior to segmentation of the adipose tissue, as desc-
ribed previously [17]. Visceral and subcutaneous adipose
tissues were manually segmented in a volume centered at
the L4-L5 interface and extended +/—8 cm in the cranial/
caudal direction. Total adipose tissue was automatically
segmented from the T1-map and included all adipose tissue
in the body. Single volume localized 1H-spectroscopy of
the liver was performed using a 3x3x3-cm’® volume of
interest positioned in the right lobe of the liver avoiding
major vessels and bile ducts using a TR/TE of 3,000/30 ms
with 16 excitations without water suppression and 64 with
water suppression. The analysis was performed using
MRUI (version 2.2; reference [18]) using water as internal
reference giving intrahepatocellular lipid levels as output in
percent. High spatial resolution spectroscopic imaging of
the calf muscles was performed assessing the intramyocel-

lular (IMCL) and extramyocellular (EMCL) lipid levels
(volume %). The acquisition and analysis techniques used
have been described previously [19].

Statistics

The data obtained at 1, 6, and 12 months were subtracted
from the baseline values for all measurements in the study. To
test if the sample significantly differed from zero, a one-sample
analysis was performed using a two-tailed ¢ test for each sample
at each time. The p values for each sample were calculated.

Results
Biochemistry at Baseline and Following Surgery

RYGBP led to a mean reduction in body weight of 34% at
1 year after surgery and was accompanied by marked
changes in glucose and lipid metabolism, as detailed in
Table 1. At 1 month, the glucose levels were lowered in 6/7
and the insulin levels in 7/7 of the women from 5.84 to
5.4 mmol/L (mean values) and from 23.6 to 15.3 mU/L,
respectively. The mean BMI was reduced by 9%. FFA and
3-hydroxybutyrate levels were elevated by 103% and 578%,
respectively. The beta-hydroxybutyrate levels then gradually
fell and approached preoperative levels at 1 year, indicating
that the patients at this time point were close to weight-
stable. HDL levels tended to increase and the LDL levels to

Table 2 Relative change (%)

in biochemical markers and 0—1 month p 0—6 months P 0-12 months p
lipid depots from baseline to 1,
6, and 12 months after RYGBP Weight —9.1£1.2 wox —23.6+5.0 HHE -33.6+6.3 koK
surgery, respectively BMI -9.1£1.2 ok —23.7+£5.1 ok —33.7+£6.4 HoxE
Glucose —6.7+11.6 -16.4+6.2 HkE -13.9+7.3 *x
Insulin —33.8422.7 * —68.9+15.7 HE —75.1+15.5 HkE
HOMA index —33.1£30.9 * —73.6+14.4 Hkk —78.2+£14.2 Hokk
FFA 103+£31.2 *x 33.5+£61.3 —5.1£41.2
Beta-hydroxybutyrate 578+541.1 Ak 328+441 105+143
Triglycerides 13.8+49.8 -16.9+27.5 —21.9430.6
Leptin -37.5+£19.2 *ox —63.7+18.2 ok —67.1£20.5 HoxE
Adiponectin 10.3+37.6 19.1£20.5 100.6+55.7 ok
Cholesterol —12.0+14.6 -11.5£14.8 -2.1+19.7
LDL -20.8+8.9 *x -14.8+17.9 —8.5+£23.7
HDL —6.8+£17.1 3.4+154 32.5+£31.6 *x
LDL/HDL -9.7+£16.0 —17.8+18.1 ** —29.4+17.9 HkE
VAT visceral adipose tissue, VAT —26.4+16.1 ** —49.7+21.0 HHE —73.1+6.8 ok
SAT subcutaneous adipose SAT -10.1+3.3 -37.245.9 ok —53.2+11.6 HoEk
tissue, TAT total adipose TAT —12.6+6.0 * —37.6+8.7 HAE —54.7+8.0 HAE
tissue, /HCL intrahepatocellular IHCL —3.8+16.8 —61.0+£45.3 * —89.2+£12.2 HoxE
lipid levels Liver volume -9.5+12.6 —20.7+15.6 *x -30.7£12.2 Hoxx
*p<0.05; **p<0.01; IMCL 55.3+97.1 53.5+107.1 —-9.3+42.2
**p<0.001 EMCL ~73%17.5 -27.5+72 wE - —40.5+7.1 ok
(mean + SD)
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decrease after surgery; the ratio was significantly altered at
6 and 12 months, and total cholesterol was not changed.
Triglycerides levels tended to be reduced at the end of the
study compared to baseline. Leptin fell at 1 month by 35%
and further thereafter. Adiponectin concentrations were not
different at 1 month, but they were increased at 1 year. The
relative changes in biochemical variables are detailed in
Table 2 and, in part, are illustrated in Fig. 1.

Changes in Lipid Depots After Surgery

The visceral fat depot was reduced by 26% at 1 month, 50%
at 6 months, and 73% at 1 year, and the subcutaneous fat by
10%, 37%, and 53%, respectively. Hepatic lipid levels were
reduced at 6 and 12 months, but not at 1 month. EMCL, but
not IMCL, was reduced at 6 and 12 months. At 6 months,
mean liver volume was diminished by 21% and by 30% at
1 year. Estimated reductions of total lipid content in the liver
were 13%, 75%, and 93%, respectively. The dynamics of the
changes in the various lipid depots are illustrated in Fig. 2. It
is notable that, at 1 month, the marked reduction in visceral
fat contrasted with no change in hepatic lipid concentration.
A surface reconstruction from the MRI data of the whole
body at all time points showing subcutaneous adipose
tissue is displayed in Fig. 3.
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Fig. 2 Time-dependency of the relative mean changes in lipid depots
in seven morbidly obese women after RYGBP. Single, double, and
triple asterisks denote p<0.05, <0.01, and <0.001, respectively

Discussion

We observed a rapid reduction in visceral and subcutaneous
fat with elevations of FFA and beta-hydroxybutyrate levels,
due to enhanced lipid turnover following RYGBP surgery.
At 1 month postoperatively, fasting glucose was lowered by
7% and insulin was lowered by 34%, and HOMA,
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Fig. 1 Changes over time in the plasma concentrations of FFAs, beta-hydroxybuturate, glucose, and insulin in seven morbidly obese women

following RYGBP
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Fig. 3 A surface reconstruction
of the MRI data set from one
individual at all time points,
showing the subcutaneous adi-
pose tissue in dark gray and
other tissues in light gray

surrogate marker of insulin resistance, was reduced to a
mean of 4.0. Such values corresponded to normal insulin
sensitivity determined by euglycemic, hyperglycemic
clamp in healthy individuals [20]. In accordance, improved
insulin sensitivity has been shown in morbidly obese
patients by HOMA and intravenous glucose tolerance test
6 days after RYGBP [2] and by hyperinsulinemic glucose
clamping 10 days after BPD [3]. In the present study at the
I-month MR examination, no reduction in liver fat
concentration was determined. Conceivably, this resulted
from high hepatic exposure to FFAs due to lipid mobiliza-
tion from predominantly the visceral depot. In support of
this notion is an increase in liver fat observed in overweight
subjects fed an isocaloric diet containing 56% fat, whereas
an isocaloric diet with 16% fat reduced the initial fat
content [21]. These changes in liver fat were accompanied
by corresponding changes in circulating insulin levels, in
good agreement with the close relationship between liver
fat and insulin sensitivity repeatedly observed in studies of
normal subjects [22] and different patient populations [23].
The present findings at 1 month on liver fat and insulin
levels demonstrate that the typical relationship between fat
content and insulin sensitivity does not apply to the early,
dynamic phase after gastric bypass surgery.

Reductions in hepatic lipid levels upon diet-induced weight
loss have been reported in overweight, obese, and morbidly
obese individuals (Table 3). In the recent study of obese
subjects [24], 3 months of a hypocaloric diet reduced body
weight by 6% and intrahepatic lipid (IHL) by 5%. Larson-
Meyer et al. [25] studied overweight subjects over a 6-month
period with 10-14% weight loss and noted 29-40%
reduction in IHL. In obese, nondiabetic women, 8% reduc-
tion in body weight after 5 months of a hypocaloric diet was

associated with 39-49% reduction in IHL [26]. The most
marked reduction in hepatic lipids has been reported in
patients with type 2 diabetes—8% weight loss after 7 weeks
of a low-calorie diet was associated with 81% reduction in
IHL [27].

Reduced liver volume, in particular, the left lobe, is
sought after by many surgeons to facilitate the operation, as
an enlarged liver may obscure the view and, in fact, prevent
placement of the liver retractor in laparoscopic procedures.
Traction to a fatty liver may also cause trauma with
significant bleeding. Preoperative weight loss programs
are therefore frequently employed and claimed to facilitate
surgery to some extent [28—30]. A very-low-calorie diet in
morbidly obese subjects for 2 weeks resulted in a 5%
reduction in liver size, as estimated by repeated ultrasound
measurements of the left liver lobe [31]. The same diet for
6 weeks led to about 15% reduction in liver size,
determined by MRI [32]. In a third study, the same very-
low-calorie diet over 12 weeks led to a reduction in liver
volume by a mean of 18.7%, range 20 to —51.6%,
determined by computed tomography; 80% of the volume
reduction took place during the first 2 weeks [33].

Thus, it seems that liver volume can be reduced by a few
weeks of a very-low-calorie diet. Subjects with the largest
IHL, who typically are insulin-resistant [23], are likely to
obtain the largest effect, as indicated from the report of
identical weight loss producing different extents of liver fat
reduction, in a high-fat group from 9.4% to 4.8% and in a
low-fat group from 3.2% to 2.0% [26]. The present study is,
to our knowledge, the first prospective report on hepatic
and myocellular lipid content after bariatric surgery.
Previously, Busetto et al. [34] have noted a reduction in
liver size 8 weeks after gastric banding; hepatic lipid
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concentration was not determined (cf. data summarized in
Table 3).

IMCL lipid content correlates with insulin sensitivity
[35], and short-term starvation is associated with IMCL
accumulation [36, 37]. No reduction in IMCL lipid during
weight loss on hypocaloric diet was observed [24], and
likewise, no lowering of soleus muscle fat was found in type
2 diabetes after weight reduction [27]. We did not observe
depletion of IMCL up to 1 year after RYGBP. In contrast,
IMCL fat reduction was observed 6 months after BPD [38],
possibly explained by the marked lipid disturbance and
malabsorption that occurs after this type of surgery.

In short, RYGBP excludes the stomach and duodenum
from the passage of food, induces massive weight loss, and
is accompanied by altered secretion of gastrointestinal
peptides such as GLP-1, PP, and PYY [5, 39, 40]. The
energy restriction causes mobilization of fat from visceral
and subcutaneous depots and enhanced FFA flux to the
liver. In the early phase after surgery, hepatic lipid levels
are not reduced, although, as reflected in lowered glucose
and insulin levels, insulin sensitivity is enhanced. Possibly
altered gastrointestinal signaling contributes to this excep-
tional outcome, the details of which remain to be clarified.
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