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Abstract

Introduction There is an ongoing debate on which procedure provides the best treatment for type 2 diabetes. Furthermore, the
pathomechanisms of diabetes improvement of partly anatomically differing operations is not fully understood.

Methods A loop duodenojejunostomy (DJOS) with exclusion of one third of intestinal length, a sleeve gastrectomy (SG), or a
combination of DJOS + SG was performed in 8-week-old male ZDF rats. One, three, and six months after surgery, an oral
glucose tolerance test and measurements of GLP-1, GIP, insulin, and bile acids were conducted.

Results After an initial (4 weeks) equal glucose control, DJOS and DJOS + SG showed significantly lower glucose levels than
SG 3 and 6 months after surgery. There was sharp decline of insulin levels in SG animals over time, whereas insulin levels in
DJOS and DJOS + SG were preserved. GIP levels were significantly larger in both groups containing a sleeve at all three time
points, whereas GLP-1 was equal in all groups at all time. Bile acid levels were significantly higher in the DJOS compared to the
SG group at all time points. Interestingly, the additional SG in the DJOS + SG group led to lower bile acid levels 1 and 6 months
postoperatively.

Conclusion The effect of SG on glucose control was transient, whereas a duodenal exclusion was the more effective procedure in
this model due to a sustained pancreatic function with a preserved insulin secretion.
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Introduction the most effective treatment option for this disease and the only
option prompting true diabetes remission in a relevant number

The incidence of type 2 diabetes (T2DM) and obesity is dra-  of patients [3—7]. Despite this apparent clinical evidence, the

matically rising worldwide [1, 2]. Metabolic surgery clearly is  physiological mechanisms have not been fully clarified yet.
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Traditionally, the basic hypothesis explaining diabetes
improvement is based on the idea that gastric bypass sur-
gery leads to a diversion of the foregut (foregut theory) and
an increased stimulation of the hindgut (hindgut theory).
Which of these two theories has more validity is matter of
an ongoing debate [8]. Although there is substantial evi-
dence that hindgut stimulation has an effect, recently pub-
lished manuscripts demonstrate that foregut exclusion is
primarily responsible for the anti-diabetic effect seen after
metabolic surgery and that the hindgut plays a subordinate
role [9-11].

With the spread of laparoscopic sleeve gastrectomy
(LSG) in the last decade, examinations of its effect on
T2DM have ensued. Indeed, LSG exerts an impressive
anti-diabetic effect similar to results after biliopancreatic
diversion and Roux-en-Y-gastric bypass surgery (RYGB)
[12—14]. The anti-diabetic effect occurs rapidly after sur-
gery and before relevant weight loss, suggesting multiple
driving mechanisms [15, 16]. Furthermore, LSG leads to
typical modifications of gastrointestinal hormones [17,
18]. However, there is “increasing evidence that RYGB
and LSG influence glycemic control through differential
mechanisms” [19]. Hence, the results seen after LSG chal-
lenge the traditional idea of anti-diabetic mechanisms after
metabolic surgery.

We therefore opposed a traditional metabolic model with a
sleeve gastrectomy in diabetic rats in order to characterize the
(possible) difference of the anti-diabetic effect of both opera-
tions aiming at a deeper understanding of diabetes improve-
ment after metabolic surgery.

Material and Methods
Diets and Animals

Eight-week-old male obese Zucker diabetic fatty rats (ZDF-
leprfa/CRL) were acquired from Charles River Breeding
Laboratories (Wilmington, MA). Animal care was as de-
scribed previously [11]. Rats were fasted 4 h before surgery,
and 6 h before oral glucose tolerance test (OGTT) and hor-
mone measurements. All animal experimental protocols were
approved by the local animal welfare committee under the
auspices of the responsible regional commission. All applica-
ble institutional and national guidelines for the care and use of
animals were followed.

Experimental Protocol

Rats were acquired and left to acclimatize with free access to
food and water for at least 7 days. In one group of rats, we
performed an OGTT 2 days prior to surgery. Rats were randomly
assigned to the three operative groups: sleeve gastrectomy (SG),

duodenojejunostomy (DJOS), and duodenojejunostomy with
sleeve gastrectomy (DJOS + SG) using sealed envelopes. For
evaluation of glucose metabolism, OGTTs were performed in
all groups 1, 3, and 6 months after surgery. Hormone measure-
ments were conducted 2 days after each OGTT and 20 min after
glucose stimulation. Following the last procedure, the rats were
euthanized with a lethal intracardial injection of potassium chlo-
ride (2 mmol/kg body weight) under general anesthesia. Body
weight was recorded twice daily in the first week, twice a week
for the remaining period. Food and water consumption were
recorded in the first week after surgery only. Figure 1 illustrates
the experimental protocol as well as numbers of animals operated
and lost to follow-up.

Surgery

DJOS operations were performed as described previously
[11]. In brief, after a midline incision of 3—4 cm, the total
length of the small intestine was determined. The duodenum
was then divided in pars 1. The remaining duodenal stump
was closed using PDS 6/0 (Ethicon). The earlier defined jeju-
num was anastomosed via an end-to-side duodeno-enterosto-
my, excluding the duodenum and one third of total intestinal
length. Mesenteric openings were closed with PDS 6/0
(Ethicon). For sleeve surgery, the great curvature of the stom-
ach was exposed. The gastrocolic and gastrosplenic ligaments
were divided using bipolar coagulation. Gastric resection was
performed using an Endo GIA™ gystem (Universal
Roticulator™ 60-2,5Stapling System, Covidien) beginning
5-8 mm above the level of pylorus. The staple line was rein-
forced using PDS 6/0 (Ethicon). For DJOS + SG, both steps
were combined (Fig. 2).

Anesthesia was induced and maintained using isoflurane
2% (AbbVie Deutschland GmbH&Co.KG, Ludwigshafen,
Germany) and oxygen flow at 2 1/min under spontaneous
breathing [20]. Perioperative analgesia was conducted via
subcutaneous carprofen (Rimadyl, Pfizer, Switzerland) injec-
tion (4 mg/kg body weight) at the beginning of the operation,
and the next 3 days postoperatively. Additionally,
buprenorphine (MSD SHARP & DOHME GmbH, Haar,
Germany) was injected (0.05 mg/kg body weight) every 8 h
for the first 24 h.

Animals were kept with free access to water and Fresubin
energy drink (Fresenius Kabi Deutschland GmbH, Bad
Homburg, Germany) on day 1. Oral food was continuously
increased to free access until day 5 after operation.

Oral Glucose Tolerance Test
OGTTs were performed under general anesthesia and were
initiated after placement of an orogastric tube (central venous

catheter, Arrow Deutschland GmbH, Kernen, Germany) via
infusion of a 70% glucose solution at the dosage of 1 g/kg
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Fig. 1 Flow chart of experimental
protocol and mortality

1 month follow-up

3 months follow-up

6 months follow-up

45 animals
randomized
15 DJOS 15 Sleeve 15 DJOS + Sleeve
(mortality 4) (mortality 5) (mortality 6)
11 DJ.OS 10 Sleeve 9 DJOS + Sleeve
(mortality 2)
y N A 4
9 DJOS 10 Sleeve 9 DJOS + Sleeve
9 DIOS 10 Sleeve 9 DJOS + Sleeve

body weight. Glucose was determined via tail tap at 0, 20, 60,
90, and 120 min using a glucose meter (Accu-Check Aviva,
Roche Diagnostics Deutschland GmbH, Mannheim,
Germany).

Hormone Measurement

The experimental setting was identical to the OGTT and as
described previously. Twenty minutes after gastric glucose
infusion, 400 ul blood were drawn via cannulization of the
tail vein, using tubes containing 0.69 mg K3EDTA (Sarstedt
AG & Co, Niimbrecht, Germany).

\

Fig. 2 Illustration of a loop duodenojejunostomy with sleeve
gastrectomy (DJOS + SG)

@ Springer

High-range rat insulin ELISA was a solid phase two-site
enzyme immunoassay using HRP reaction for detection
(DRG Instruments GmbH, Marburg, Germany). GLP-1
samples were added directly to a straptavidin-coated
microtiter plate (EMD Millipore Corporation, Darmstadt,
Germany). For GIP (1-42) and (3-42), a microtiter plate coated
by a pre-titered amount of anti-GIP monoclonal antibodies
was used (EMD Millipore Corporation, Darmstadt,
Germany). Bile acids were measured with the total bile acids
assay kit (Diazyme Laboratories, MDSS, Hannover,
Germany).

Statistical Analysis

Statistical analyses were conducted using Prism 6 for Mac OS
X (GraphPad Software, Inc.). The ¢ test was used for group
comparison. Curves were analyzed with two-way ANOVA.
For glucose and body weight analysis, data from an earlier
published SHAM group in an identical experimental setting
were used [11]. For earlier SHAM surgery, an incision had
been made and closed using PDS 6/0 (Ethicon) in the duode-
num as well as small intestine. Applicable values of p <0.05
were considered significant.

Results
Body Weight
Body weight developed largely similar between DJOS and SG

animals until week 12, when SG animals reached their maxi-
mum body weight due to the natural course of ZDF pathology.
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DJOS animals in turn continued to gain body weight, reaching
the maximum weight at the end of the study. Overall, the
additional sleeve led to a temporarily slower weight gain
(Fig. 3). Similar to the current SG, SHAM animals started to
loose body weight within the observation period.

Glucose

DJOS and DJOS + SG led to a continuous and sustained im-
provement in glucose control towards earlier operated SHAM
animals (two-way ANOVA p <0.0005 for all time points)
(Fig. 4). The additional sleeve in the DJOS + SG had no ad-
ditive effect on glucose control at all time points (two-way
ANOVA 1 month p=0.9957, 3 months p=0.2724 and
6 months p =0.9977). SG alone could solely improve glucose
tolerance temporarily, showing a similar effect to DJOS and
DJOS + SG 1 month after surgery only (two-way ANOVA
DJOS vs. SG p=0.4337 and DJOS+SG vs. SG p=
0.7206). Preoperative levels could not be reached by either
intervention.

Glucagon-Like-Peptide 1

The impact on stimulated GLP1-levels was not significantly
different at all examined time points (Table 1, Fig. 5a). In the
two groups with a duodenal exclusion (DJOS and DJOS +
SG), there was a trend towards increased GLP-1 levels com-
pared to SG alone. A pooled analysis of all three time points
could confirm this difference (DJOS vs. SG Mann-Whitney
p=0.0078; DJOS + SG vs. SG p=0.0097).

Glucose-Dependent Insulinotropic Polypeptide

Interestingly, both sleeve gastrectomy groups had significant-
ly larger GIP levels than a duodenal exclusion alone. This
effect was consistent at all three time points (Table 1). In turn,
there was no difference between SG and DJOS + SG at all
time points (Table 1, Fig. 5b).

Fig. 3 Plot of total body weight
with additional display of group

means with SD 7SG vs. DJOS 600 -
and 3G vs. DJOS + SG two-
way ANOVA p <0.0001)
E’ 500 -
-
)
= 400 =
s
300 -

Insulin

Three months postoperatively, there was a sharp decline of
insulin levels in animals with a sleeve alone (SG insulin levels
1 vs. 3 months Mann-Whitney p = 0.0186 and 3 vs. 6 months
p=0.0371), whereas the insulin production in the DJOS and
DJOS + SG groups was preserved (insulin DJOS/DJOS + SG
1 month vs. 3 months Mann-Whitney p =0.5919 for DJOS
and p=0.9815 for DJOS + SG). This effect was sustained in
the 6-month follow-up with again significantly decreasing in-
sulin levels in the SG group alone SG insulin levels 3 vs.
6 months Mann-Whitney p =0.0195). The additional DJOS
in the DJOS + SG group seemed to preserve insulin secretion
in DJOS + SG animals when directly compared to SG animals
6 months postoperatively (Table 1, Fig. 6a).

Bile Acid

Serum bile acid levels were significantly higher in the DJOS
compared to the SG group at all time points (Table 1, Fig. 6b).
Interestingly, the additional sleeve in the DJOS + SG group
largely led to lower bile acid levels, finally resulting in similar
bile acid levels compared to SG alone 6 months after opera-
tion (Table 1).

Discussion

There is a debate on which surgery produces the best thera-
peutic results for T2DM. One reason for the ongoing debate is
the fact that the effect of time is not fully understood [21].
Possibly, improvement of T2DM is more transient in some
procedures than in others.

In the current study, 1 month after surgery all three inter-
ventions had a similar impact on glucose tolerance, improving
it towards SHAM yet not leaving it within preoperative
ranges. Total remission could not be achieved, which is the
natural course of ZDF rats. SG and RYGB in diabetic rat

Body weight
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}m} " —— DJOS+SG
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l | 4 - - SG
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Fig. 4 Plot of blood glucose levels after OGTT with additional display of
group means+SD 1 (a), 3 (b), and 6 (¢) months after surgery. As
reference, preoperative glucose levels and SHAM-operated animals [11]
are displayed. p values refer to results of a two-way ANOVA, markers in
the graph reflect the significance level in relation to the SG group. a ™~ "SG
vs. SHAM p < 0.0001; SG vs. DJOS £ SG p = 0.7206 (n.s.), SG vs. DJOS
p=0.4337 (ns.), SG vs. preOP p=0.0217, DJOS vs. DJOS+ SG p =

models result in equal glucose control in a short-term follow-
up (4-8 weeks) [22, 23]. The current analysis clearly demon-
strated that the glucose improving effect with a sleeve alone
(SG) was transient. Already 3 months postoperatively, both
duodenal exclusion groups performed significantly better,
6 months after surgery SG glucose levels were similar to those
of earlier operated SHAM animals at that time point [11]. This
is a circumstance confirming the results of Wang et al. show-
ing faster diabetes relapse after sleeve gastrectomy compared
to RYGB after initially equal glucose control [24]. We inter-
pret the fact that the add-on sleeve gastrectomy in the DJOS +
SG group showed no additional benefit regarding glucose
control to corroborate this hypothesis. This suggests that the
major effect on glucose control was generated by the duodenal
exclusion.

Regarding the time-course and mechanism of diabetes im-
provement, our 1-month results point in a similar direction.
All procedures had a similar impact on glucose tolerance

time (minutes) time (minutes)

0.9957, DJOS vs. SHAM p =0.0005, DJOS vs. preOP p <0.0001,

DJOS +SG vs. SHAM/preOP p=0.0003. b "“"SG vs. SHAM

p< 0.0001, ##SG vs. DIOS +SG p<0.0001, ™™SG vs. DJOS p<
0.0001; all other comparisons p <0.0001 except DJOS vs. DJOS+ SG
p=0.2724. ¢ ™SG vs. DJOS p=0.0005, "*SG vs. DJOS+SG p<
0.0001, SG vs. SHAM p=0.1341(n.s.); all other comparisons
P <0.0001 except DJOS vs. DJOS+ SG p =0.9977

despite fundamentally different anatomic (re-)constructions.
Perhaps a contributing factor of improved glucose tolerance
is GLP-1. GLP-1 levels were equal in all three groups at that
time despite fundamentally different anatomic reconstruc-
tions, hence possibly indicating a differential mechanism of
GLP-1 stimulation [25]. This is a fact known from other stud-
ies [16, 22, 26]. In other words, GLP-1 either has an amelio-
rating effect in all or none of the groups. The latter hypothesis
is supported by the fact that GLP-1 levels stayed on the same
level in all three groups throughout the study despite signifi-
cantly better glucose tolerance in both DJOS groups. In pre-
vious experiments, our group demonstrated a similar indepen-
dence of GLP-1 in the same animal model [11]. Furthermore,
Buchwald et al. concluded that glucose control was indepen-
dent of GLP-1 in a model of ileal resection and exclusion [27].
Paradoxically, GLP-1 was even increased after resection of the
L-cell-rich ileum in this study, moreover questioning the ori-
gin of GLP-1. Although GLP-1 was considered to be the key

Table 1 Entero-endocrine signaling
DJOS SG DJOS+ SG DJOSvs.SG ~ DJOS vs.DJOS+SG  SG vs. DIOS +SG

GLP 1 [pM] 1 month 22.5+20.3 12.2+8.8 24.1+17.8 0.2354 0.5893 0.1809
GLP 1 [pM] 3 months 19.3+95 12.6 +10.6 23.5+132 0.1650 0.5919 0.0921
GLP 1 [pM] 6 months 229+21.6 17.8+9.1 20.6 £ 13.1 0.8427 0.8427 0.6517
GIP [pg/ml] 1 month 60.4+29.4 137.7 + 80.5 1922 +£130.8  0.0220%* 0.0019* 0.3947
GIP [pg/ml] 3 months 434+125 1157+ 872 187.3 +81.3 0.1117 <0.0001* 0.0786
GIP [pg/ml] 6 months 46.0 +21.6 159.1 £90.2 182.5+104.2  0.0041* 0.0078* 0.5935
Insulin [pg/l] 1 month 3.5+2.1 31+1.1 35+32 0.3947 0.7137 0.7019
Insulin [pg/l] 3 months 30+1.8 1.7+12 32+23 0.0786 0.7132 0.2031
Insulin [pg/l] 6 months 1.2+07 0.8+0.7 2.0+09 0.2033 0.0645 0.0038*
Bile acid [pimol/I] 1 month 68.1+374 18.3+13.1 31.0+13.3 0.0004* 0.0106* 0.0168*
Bile acid [umol/1] 3 months 85.4+18.9 48.5+99.9 89.6 £91.0 0.0021* 0.0767 0.0041*
Bile acid [pumol/I] 6 months ~ 114.0 = 80.9 33.2+31.9 39.0+13.1 0.0057* 0.0106* 0.1325

Mean levels + SD of stimulated hormones and bile acid levels of each group 1, 3, and 6 months after surgery (left column). Results of the Mann-Whitney-
Test between all groups (right column), *means significant

@ Springer



OBES SURG (2018) 28:1408-1416

1413

Fig. 5 Box plot of GLP-1 levels A
(a) and GIP levels (b) with SD 50 =
20 min after oral glucose infusion
at 1, 3, and 6 months 40 -
postoperatively
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&&& =
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O
10+
0=
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300 =
£
B 200 -
=
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O
100 -
0=

player of diabetes remission, there is an ongoing debate not
only on its impact but also on its origin [28]. In the current
study, there is an overall better stimulation of GLP-1 in both
groups with duodenal exclusion, supporting at least a hindgut
origin of this messenger.

Regarding GIP, it seems as if sleeve gastrectomy leads to
significantly higher levels even in the group with duodenal
exclusion. This is surprising because GIP is thought to origi-
nate from the duodenum and proximal jejunum. Possibly,
paracrine mechanisms are responsible for this observation.
Functionally, GIP seems to play a subordinate role in diabetes
improvement in the current study [29, 30]. Three and six
months postoperatively, GIP levels in SG and DJOS + SG
groups were equal despite significantly better glucose control
in the DJOS + SG group. Furthermore, GIP levels in the
DJOS + SG group were significantly higher compared to
DJOS alone despite similar glucose control. Raghavendra
et al. similarly concluded that GIP is not the crucial “foregut
factor” after duodenojejunal bypass [29, 31].

Bile acids remain a possible mediator of improved glucose
control in the current study. Especially 1 month after surgery,
when glucose control is equal in all groups, bile acid levels

Il SG
E& DJOS
B2 DJOS+SG

time (months)

differed significantly between the groups, suggesting that they
do not play a major role in ZDF rats. Furthermore, bile acids
remained significantly lower in both sleeve groups 6 months
postoperatively despite equal glucose control in DJOS and
DJOS + SG groups. However, there is substantial evidence
that bile acids might be a key regulator of glucose homeostasis
after metabolic surgery [10, 31-33]. Possibly, lower bile acid
levels in the sleeve gastrectomy groups could not outweigh
the beneficial effect of duodenal exclusion in the current
study.

One of the most relevant findings of the current study is a
preservation of insulin secretion in both groups with duodenal
exclusion and nicely reflects the glucose outcome.
Preservation of (3-cell function and decrease of (3-cell loss
are phenomena that have been observed following different
types of intestinal rerouting in diabetic rat models [35, 36].
Sleeve gastrectomy may lead to elevated insulin levels com-
pared to SHAM as demonstrated 12 weeks after surgery in
ZDF rats [31]. Sun et al. furthermore showed insulin secretion
comparable with a combination of sleeve gastrectomy and
duodenojejunal bypass in a longer follow-up, hence also indi-
cating sustained insulin secretion [31]. In turn, the sleeve’s
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Fig. 6 Box plot of insulin (a) and
bile acid levels (b) with SD

20 min after oral glucose infusion
at 1, 3, and 6 months
postoperatively. a 2: There is a
significant decrease of insulin
production over time in the SG
group (1 vs. 3 months p =0.0147,
3 vs. 6 months p=0.0195). b ™™
SG vs. DJOS, * ™SG vs. DJOS +
SG p<0.0001, “DJOS vs.
DJOS+ SG Mann-Whitney
p<0.05and p<0.01,
respectively

>

Insulin [ug/]

W

200+

100 4

bile acid [pmolA]

impact on insulin secretion faded 24 weeks postoperatively in
another examination. Similar to the current study, this group
showed that the combination of sleeve gastrectomy and intes-
tinal loop led to more sustained glucose control than sleeve
gastrectomy alone [37]. The loss of insulin secretion in the SG
group was functionally reflected by a stagnation of body
weight gain 12 weeks after surgery, followed by weight loss
in the SG group. After initial weight gain, the loss of weight in
adolescent ZDF rats mirrors an increasing deficit of pancreatic
function [38, 39].

Conclusion

There is a relevant amelioration of glucose control in all
groups in short-term follow-up examinations. This effect most
likely neither depends on GLP-1 or GIP nor is it majorly
dependent on bile acid secretion. Sleeve gastrectomy alone
leads to transient diabetic improvement only, reflected by sig-
nificantly sinking insulin levels in consecutive follow-ups. In
turn, the anti-diabetic effect after duodenal exclusion is
sustained, carried by a persistent pancreatic function. Adding
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restriction to duodenojejunostomy does not create an added
effect on glucose control. In this animal model, duodenal ex-
clusion appears to have the more relevant anti-diabetic impact.
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