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ABSTRACT

Background and study aims In lieu of the drawbacks of

metabolic surgery, a method of mimicking resection of the

gastric mucosa could be of value to those with obesity-

related cardiovascular disease (CVD). Our study aims to in-

vestigate the effect of gastric mucosal devitalization (GMD)

on blood pressure (BP) and cardiovascular lipid deposition

in a rat model of obesity.

Methods GMD of 70% of the stomach was achieved by ar-

gon plasma coagulation. GMD was compared to sleeve gas-

trectomy (SG) and sham (SH) in a high-fat-diet-induced rat

model of obesity (48 rats). At 8 weeks, we measured nonin-

vasive BP, renin, vessel relaxation and ghrelin receptor reg-

ulation in the aorta. In addition, we quantified cardiac lipid

deposition and lipid droplet deposition in cardiac muscle

and aorta.

Results GMD and SG were observed to have similar reduc-

tions in body weight, visceral adiposity, and serum lipid

profile compared to SH rats. GMD resulted in a significant

reduction in arterial BP compared to SH. Furthermore,

there were significant reductions in plasma renin activity

and percentage of phenylnephrine constriction to acetyl-

choline at the aortic ring in GMD rats compared to SH, pro-

viding insights into the mechanisms behind the reduced BP.

Interestingly, the reduced BP occurred despite a reduction

in endothelial ghrelin recteptor activation. Cardiac lipid

content was significantly reduced in GMD rats. Lipid de-

position, as illustrated by Nile Red stain, was reduced in car-

diac muscle and the aorta.

Conclusion GMD resulted in a significant improvement in

BP, renin and cardiovascular lipid deposition. GMD deserves

further attention as a method of treating obesity-related

CVD.
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Introduction
Despite increased public awareness of the epidemic of obesity,
the percentage of the population afflicted with obesity and its
associated comorbidities, particularly cardiovascular disease
(CVD), continues to rise [1]. Widely accepted methods of treat-
ing obese patients with CVD are diet and lifestyle therapies,
pharmacotherapy and metabolic surgery [2]. Metabolic sur-
gery, also know as bariatric surgery, is currently the most effec-
tive treatment for obesity and its associated cardiovascular co-
morbidities, such as hypertension, cerebrovascular disease,
congestive heart failure and myocardial infarction [3, 4] The
benefits of metabolic surgery go beyond their ability to simply
produce weight loss and these surgeries alter critical signaling
and metabolic pathways [5–7]. However, as they are invasive
and involve multiple irreversible alterations to the gastrointes-
tinal tract, widespread dissemination is unlikely to occur [8, 9].
Furthermore, metabolic surgery, due to its risk profile, is not a
suitable strategy to prevent obesity-related CVD. Therefore,
there arises a need to decipher the component of metabolic
surgery that yields the greatest benefit to facilitate develop-
ment of targeted minimally invasive therapies [10, 11].

We have been investigating the hypothesis that excision of
the gastric mucosa is the key component to weight-indepen-
dent mechanisms observed after sleeve gastrectomy (SG)
[12–14]. Our previously published works have investigated an
alternative to excision, devitalization of the gastric mucosa, in
an obese rat and porcine model [12, 13]. We have elucidated
that gastric mucosal devitalization (GMD) in a high-fat diet in-
duced rat model of obesity resulted in reduced body weight
and visceral adiposity, improved serum lipid profile and mar-
kers of insulin resistance, and reduced liver lipid content [12].
In our porcine study, we demonstrated that GMD resulted in
significant relative reductions in body weight and visceral adip-
osity, as well as a significant reduction in liver, skeletal and car-
diac muscle lipid droplet (LD) deposition [13]. In light of these
encouraging outcomes, we investigated the influence of GMD
on the most sinister of obesity-related comorbidities, cardio-
vascular-related diseases.

Our hypothesis was that GMD would result in a reduction in
blood pressure as well as reduction in LD deposition in cardiac
muscle and aorta. Blood pressure was a selected outcome due
to hypertension’s known association with debilitating comor-
bidities such as heart, cerebrovascular, and renal disease [15].
Quantification of LD deposition in cardiac muscle was evaluat-
ed because cardiac lipotoxicity is a key contributor to heart fail-
ure, a sinister and often irreversible morbidity [16]. To investi-
gate our hypothesis that the gastric mucosa is a valuable target
for treatment of CVD, we used our previously validated high-fat
diet (HFD) rat model and method of GMD to selectively eradi-
cate the gastric mucosa, without altering gastric volume or
intestinal anatomy [12]. To assess the independent effects of
the gastric mucosa, we included a rat model of SG, which com-
bines excision of gastric mucosa with the addition of a reduc-
tion in gastric volume.

Materials and methods

Animals

All rat procedures followed international guidelines for preven-
tion of animal cruelty and were approved by the “Landesdirek-
tion” Leipzig, the local authority for animal care [17]. Four-
week-old male Sprague-Dawley rats (n =48; MEZ, Medical Ex-
perimental Center, University of Leipzig, Leipzig, Germany;
100–150g) were used. Further details can be found in the Sup-
plementary Methods section.

Study design

We used our diet-induced rat model of obesity characterized by
increased body weight, visceral and subcutaneous adiposity,
dyslipidemia and impaired glucose metabolism [12, 18, 19]. In
Part 1, we validated our HFD-induced model of obesity. Sixteen
rats were randomized into two groups receiving either chow
diet (CD, n =8) or high-fat diet (HFD, n=8) with free access to
food and water. Body weight, body mass index (BMI), visceral
and subcutaneous adiposity, glucose, insulin, homeostatic
model assessment for insulin resistance (HOMA-IR) and inflam-
matory markers were measured after an additional 11 weeks. In
Part 2, we compared GMD, SG, sham (SH) and CD. We used an-
other 24 rats that had been fed a HFD for 11 weeks and ran-
domized them into three intervention cohorts (GMD, n=8; SG,
n =8; sham (SH), n =8) and one CD cohort (CD, n=8) to assess a
variety of outcomes after an additional 8 weeks. HFD was con-
tinued in all intervention groups during the subsequent 8-week
period until sacrifice (age 23 weeks).

Outcomes assessed included body composition and serum
metabolic profile, serum orexigenic and anorexigenic hor-
mones, blood pressure and plasma renin, aortic function after
concentration-dependent stimulation. endothelial ghrelin re-
ceptor abundance in the aorta and abundance of lipid content
and lipid droplet associated proteins in cardiac muscle and aor-
ta. Detailed descriptions of the methods of measurement of the
above outcomes can be found in the Supplementary Methods
section.

Interventions

The interventions were performed in an identical manner to
that reported in our original GMD study in a rat model and fur-
ther details can be found in the methods and Supplementary
Methods section of that manuscript [12].

Gastric mucosal devitalization (GMD)
After a laparotomy incision and mobilization of the stomach
outside the abdominal cavity, a small gastric incision in the fun-
dus was followed by insertion of a 2-mm rigid endoscope and a
1.5-mm argon plasma coagulation (APC) probe (VIO 300D/
APC2-HF-generator; ERBE Elektromedizin, Tubingen, Germa-
ny). The activated probe was then fired (Pulsed APC, effect 2 at
25W with an argon flow rate of 0.2 L/min) using a non-contact
technique for 30 seconds. We selectively ablated 70% of the
surface area of the stomach along the greater curvature aspect
to match the amount of mucosa removed at SG.
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Sleeve gastrectomy (SG)
A laparotomy incision was performed and the stomach mobi-
lized outside the abdominal cavity. The lateral 70% of the stom-
ach was excised using a TX30B 30-mm staple gun (Johnson &
Johnson MEDICAL GmbH, Norderstedt, Germany) leaving a tub-
ular gastric remnant in continuity with the esophagus and duo-
denum.

Sham surgery (SH)
A laparotomy incision was made and the stomach mobilized
outside the abdominal cavity. A gastric incision was performed
to allow entry of an 8 Fr catheter and the stomach lavaged with
20mL of sterile water at 37 °C.

Postoperative care
Postoperative care included daily subcutaneous injection of an-
tibiotics (0.1mL/100g ceftriaxone-ratiopharm 1.0, Ratiopharm
GmbH, Ulm, Germany) for 5 days and daily admixing of analge-
sic (0.5mL Metamizol (Ratiopharm GmbH, Ulm, Germany) + 30
mL 20% glucose +70mL water to the water for 2 days). Diet was
resumed ad libitum on post-intervention Day 2.

Statistical analysis

Data analysis was performed using GraphPad Prism v6.0
(GraphPad Software, La Jolla, California, United States).

Data are shown asmean± SD. Significant differences between
the groups are indicated by bars and/or asterisks (P< .05). One
asterisk signifies P < .05, two asterisks P < .01, three asterisks
P< .001 and four asterisks P< .0001. Further details on statistical
analysis can be found in the Supplementary Methods section.

Results
Part 1, Validation of the model

HFD results in increased body weight and cardiovascular
alterations
HFD resulted in a significant increase in body weight (31%),
visceral adiposity (39%) compared to CD after 11 weeks (▶Ta-
ble1). Serum lipid and glucose profiles were appropriately de-
ranged in HFD rats. There were no differences in abundance of
serum gut hormones (ghrelin, GLP-1 and PYY) after 11 weeks of
HFD. Noninvasive systolic (132±3mmHg vs 116±4mmHg, P<
0.001) and diastolic (99±4mmHg vs 92±3mmHg, P<0.01)
blood pressure were significantly increased in HFD compared
to CD (▶Fig. 1a). Further results are found in the Supplemen-
tary Results section.

▶ Table 1 Characteristics of the study population phenotype.

mean ± SD 11-weeks diet 8 weeks after intervention

CD HFD HFD+GMD HFD+SG HFD+SH CD

n 8 8 8 8 8 8

Age (weeks) 15 15 23 23 23 23

Body weight (g) 424 ±56 555±35* 521±62* 586±49 616±35 549± 34*

BMI (g/cm²) 0.7 ± 0.07 0.79±0.03* 0.73±0.06* 0.75± 0.06* 0.81±0.02 0.75±0.04*

Visceral body fat (g) 6.2 ± 2.5 14.8 ±5.3* 10.8 ±5.5* 13.2 ± 6.3* 26.1 ±8.6 11.7 ±4.8*

Triglycerides (mmol/L) 0.80 ±0.59 1.53±0.69* 0.78±0.17* 0.68± 0.2* 1.63±0.91 0.79±0.26*

Total cholesterol (mmol/L) 2.49 ±0.89 3.75±1.06* 1.2 ±0.49* 1.49± 0.54* 2.95±0.76 2.72±0.47

HDL cholesterol (mmol/L) 1.24 ±0.39 1.36±0.38 0.37±0.3* 0.41± 0.25* 1± 0.24 0.92±0.28

LDL cholesterol (mmol/L) 0.89 ±0.52 1.69±0.70 * 0.48±0.3* 0.77± 0.36 1.21±0.76 1.44±0.22

Fasting glucose (mmol/L) 4.9 ± 0.6 5.9 ±0.4* 5.3 ±0.4* 5.7 ±0.6* 6.4 ± 0.5 5.0 ±0.3*

Fasting insulin (mmol/L) 1.35 ±0.5 2.19±0.8* 0.93±0.6* 0.75± 0.2* 1.99±0.7 1.03±0.2*

HOMA-IR 1.42±0.6 2.77±1.1* 1.06±0.6* 0.93± 0.3* 2.69±0.9 1.10±0.2*

CRP (mg/mL) 0.55±0.2 0.40±0.1 0.66±0.1 0.87± 0.7 0.75±0.5 1.22±0.7

IL-6 (pg/mL) 243 ±26 231±33 293±81 292±100 255±62 217± 62

Measurements in the animal groups at 15 weeks of age (11 weeks of HFD) and 23 weeks of age (8 weeks after intervention). Values are means +SD of dietary groups
(CD, chow diet; HFD, high-fat diet) and intervention groups (GMD, gastric mucosa devitalization; SG, sleeve gastrectomy; SH, sham surgery). Significant differences
(P < .05) between GMD and SG compared with SH are indicated by asterisks. CD, chow diet; HFD, high-fat diet; GMD, gastric mucosal devitalization; SG, sleeve gas-
trectomy; SH, sham operation; BMI, body mass index; LDL, low-density lipoprotein; HDL, high-density lipoprotein; HOMA-IR, homeostatic model assessment of in-
sulin resistance; AUC 2h oGTT, area under the curve based on five timepoints (baseline, 15min, 30min, 60min, 120min) of 2-hour oral glucose tolerance test; CRP,
C-reactive protein; IL-6 ,interleukin 6.
*1 Values are mean+SD
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Part 2 – Randomized comparison effects of GMD, SG
and SH in HFD rats

Results of our technique of using APC to selectively devitalize
the gastric mucosa, without damage to deeper tissue layers or
alteration in gastric volume have been previously reported [12].

Body composition and serum metabolic profile

GMD resulted in a significant reduction in body weight (521±
62g vs 616±35g, P <0.01) and visceral adiposity (10.8 ±5.5 g
vs 26.1±8.6g, P<0.001) compared to SH at 8 weeks (▶Table
1). There was a significant reduction in triglycerides and total
cholesterol in both GMD and SG compared to SH rats (▶Table

1). GMD was able to significantly lower LDL cholesterol at 8
weeks compared to SH (0.48±0.3mmol/L vs 1.21±0.76mmol/
L, P<0.05). Fasting glucose and fasting insulin were significant-
ly lower in GMD (5.3 ±0.4mmol/L vs 6.4 ±0.5mmol/L, P<0.001;
0.93±0.6mmol/L vs 1.99±0.7mmol/L, P<0.001) and SG (5.7 ±
0.6mmol/L vs 6.4 ±0.5mmol/L, P<0.05; 0.75±0.2mmol/L vs
1.99±0.7mmol/L, P<0.01) rats compared to SH. To illustrate
changes in insulin resistance, HOMA-IR was also significantly
lower in GMD (1.06±0.6 vs 2.69±0.9, P<0.001) and SG (0.93±
0.3 vs 2.69±0.9, P<0.001) rats compared to SH. There were no
significant differences with regards to C-reactive protein (CRP)
and Interleukin-6 (IL-6) (▶Table 1).
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▶ Fig. 1 Regulation of blood pressure and renin activity in the study population. Measurements in the animal groups at 15 weeks of age (11
weeks of HFD) and 23 weeks of age (8 weeks after intervention). a Noninvasive measurement of blood pressure using a tail cuff setup revealed
an increased systolic and diastolic blood pressure in rats after 11 weeks of feeding HFD compared to CD rats. Eight weeks after intervention,
GMD treated rats showed significant reduction of both pressure values compared to SH. b Plasma renin activity was not altered after receiving
11 weeks HFD. Eight weeks after intervention, renin activity was significantly reduced in GMD and SG rats. CD, chow diet; HFD, high-fat diet;
GMD, gastric mucosal devitalization; SG, sleeve gastrectomy; SH, sham operation
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Regulation of serum orexigenic and anorexigenic
hormones

There was a high biological variation in abundance of serum
ghrelin, GLP-1 and PYY when measured after being fasted for
10 hours or following oral glucose stimulation by a 2-hour oral
glucose tolerance test (OGTT) (Supplementary Table1). Fast-
ing total serum ghrelin levels were significantly reduced in
GMD compared to SH at 8 weeks (0.81±0.29ng/mL vs 1.43±
0.58ng/mL, P<0.05). However, fasting active ghrelin levels
were not significantly different between GMD, SG and SH (Sup-
plementary Table 1). The 2-hour OGTT (presented as area un-
der the curve [AUC]) in the GMD group did not reveal a signifi-
cant reduction in total ghrelin, but surprisingly, did show a sig-
nificant increase in active AUC active ghrelin compared to SH
(132 ± 45 vs 81±25, P<0.05) (Supplementary Table 1).

With regards to the other measured gut hormones, fasting
total GLP-1 was significantly higher in GMD compared to SH
(29.2 ± 6.3 pmol/L vs 14.9±7.2pmol/L, P <0.05) (Supplemen-
tary Table1). The 2-hour OGTT revealed a significant increase
in total GLP-1 in SG compared to SH rats (29±17pmol/L vs
14.9±7.2 pmol/L, P<0.05). Such statistical significance was
not reached in the GMD cohort. Neither fasting nor 2-hour
OGTT Neuropeptide PYY was not significantly different be-
tween the intervention cohorts (Supplementary Table1).

Blood pressure and plasma renin

Systolic and diastolic blood pressure were significantly
decreased in GMD rats compared to SH (117±5mmHg vs 131±
3mmHg, P <0.001) and (95±3mmHg vs 106±6mmHg, P<
0.001), respectively (▶Fig. 1a). Systolic blood pressure was sig-
nificantly reduced in SG compared to SH rats (124±4mmHg vs
131±6mmHg, P<0.01) with reductions in diastolic blood pres-
sure not meeting statistical significance (▶Fig. 1a). Plasma re-
nin activity was significantly lower in the GMD cohort compar-
ed with SH (4.75±1.16ng/mL/hr vs 8.24±2.63ng/mL/hr, P<
0.01). A similar reduction in SG rats was also observed (5.57±
1.27ng/mL/hr vs 8.24±2.63ng/mL/hr, P<0.05).

Aortic function after concentration dependent
stimulation

The aortic rings were previously unspecifically stimulated with
80nM KCl to visualize the maximal contraction. The ratio of
KCl/baseline during initial contraction with KCl is presented in

▶Fig. 2a. There were no differences observed between the in-
tervention groups. The phenylephrine (PE)-dependent contrac-
tion is plotted relative to the baseline of each group. There was
a significant difference in the maximal contractile response of
the thoracic aorta to PE between the intervention groups with
the response being significantly higher in the GMD and SG
groups compared to SH (1.54±0.14 vs 1.22±0.15, P<0.01)
and (1.54±0.16 vs 1.22±0.15, P <0.001), respectively (▶Fig.
2b). The acetylcholine (ACh)-dependent relaxation was plotted
relative to the respective maximal PE contraction (100nM). Va-
sodilation in response to ACh illustrated a left shift with respect
to the GMD and SG cohorts compared with SH, indicating an in-
creased sensitivity to vasodilatory stimulus (▶Fig. 2c). The in-

serts are calculated AUC and represent the change in contrac-
tion depending on concentration of the relative stimulus from
Ach (▶Fig. 2c). There was a significant reduction in AUC with
regard to the vasodilation response to Ach in the GMD and SG
groups compared to SH, (481±81 vs 601±65, P<0.05) and
(480±107 vs 601±65, P<0.05), respectively. There was no dif-
ference between the GMD and SG groups.

Endothelial ghrelin receptor in rat aorta

Ghrelin has been shown to have a depressant effect on vascular
reactivity, thus promoting a vasodilatory response and subse-
quent reduction in BP in the rat aorta. Therefore, in view of the
anticipated reduction in circulating ghrelin in the GMD and SG
rats compared to SH, we sought to investigate the ghrelin re-
ceptor response to the various interventions. For reference, we
illustrate histopathological characteristics of the rat aorta in

▶Fig. 3a. The endothelial layer (no. 2) is where the GHSR recep-
tor is located. Fluorescence microscopy of the aortic wall is
seen in ▶Fig. 3b. Grossly, there is the appearance that GMD
and SG have a decreased abundance of GHSR in the endothe-
lium compared to SH. Western Blot confirmed there was a sig-
nificantly reduced expression of GHSR in GMD and SG rats com-
pared to SH (▶Fig. 3c). Quantitatively, the GHSR/ G3DPH for
GMD was significantly lower than SH (0.21±0.12 [AU] vs 7.32
±5.69 [AU] [P <0.01]). Similar findings were observed when SG
was compared to SH (0.27±0.09 [AU]vs 7.32±5.69 [AU] [P<
0.05]) (▶Fig. 3d).

Regulation of lipid content and lipid droplet
associated proteins in cardiovascular tissue

Measures of cardiac LD content were attained through several
mechanisms. Cardiac LD content was significantly reduced in
the GMD cohort compared to SH (10.9±5.2 μg/mg vs 26.1 ±
7.6 μg/mg, P<0.001) (▶Fig. 4a). Similar findings are seen
when SG is compared to SH (13.9 ±8.6 μg/mg vs 26.1±7.6μg/
mg, P <0.01). As a frame of reference, we illustrate H&E of car-
diac muscle in ▶Fig. 4b. Immunofluorescence was performed
to grossly illustrate the abundance of LD content and size (Nile
Red stain) in cardiac tissue as well as expression of LD associat-
ed proteins PLIN 1 and PLIN 2 after the respective interventions
(▶Fig. 4c). GMD resulted in a reduction in LD concentration
and size compared to SH. Additionally, PLIN 1 appeared re-
duced in cardiac muscle in GMD rats compared to SH, however,
PLIN 2 was increased in the GMD cohort. In ▶Fig. 4d, PLIN 1
and 2 were quantified by Western Blot. GMD resulted in a sig-
nificant reduction in PLIN 1 compared to SH (2.29±2.34 [AU]
vs 10.23±4.61 [AU], P<0.001) (▶Fig. 4e). With respect to
PLIN 2, GMD resulted in a significant increase compared to SH
(28.27±8.02 [AU] vs 7.09±4.13 [AU], P<0.001). Similar find-
ings were observed in the SG cohort (▶Fig. 4e).

Immunofluorescence with Nile Red stain of cardiac muscle
and aorta is illustrated in ▶Fig. 5. The LD content appears re-
duced in the GMD cohort compared to SH with similar changes
observed in the SG cohort (▶Fig. 5a). Aortic LD content was
also significantly reduced in the GMD cohort compared to the
SH with similar changes observed in the SG cohort (▶Fig. 5b).
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▶ Fig. 2 Ex vivo study of response of the aorta in rats after concentration-dependent stimulation. Measurements in the animal groups at 15
weeks of age (11 weeks of HFD) and 23 weeks of age (8 weeks after intervention). a Aortic rings were stimulated with 80 mM KCl to visualize
their maximal contraction (mean±SEM). b Phenylepinephrine (PE)-dependent contraction is plotted relative to the baseline of each group. The
stimulation was finished when contraction reaches >70% of KCl-contraction. c Acetylcholine (Ach)-dependent relaxation is plotted relative to
the respective maximal PE-contraction (100 nM). Insets are calculated area under the curve (AUC; mean±SEM) and represent the change in
contraction depending on the concentration of the relative stimulus Ach. Statistical tests used were the t-test and one-way ANOVA with a post-
hoc Tukey’s – Kramer test and P<0.05.
CD, chow diet; HFD, high-fat diet; GMD, gastric mucosal devitalization; SG, sleeve gastrectomy; SH, sham operation
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▶ Fig. 3 Endothelial ghrelin receptor expression in rat aorta. a HE-stain illustrates the structural characteristics of the rat aorta: 1 –Blood vessel
lumen, 2– Endothelium, 3–Aortic smooth muscle cells, 4–Visceral fat tissue, blue– cell nuclei. b Fluorescence images of paraffin slices show
Ghrelin-receptor localization (GHSR) (green) on aortic endothelium of each respective group.Nuclei–Dapi (blue), inset represents stain control
without primary antibody. (C+D) Quantitative analysis of GHSR using Western Blot. GSHR, growth hormone secretagogue receptor 1a; CD,
chow diet; HFD, high-fat diet; GMD, gastric mucosal devitalization; SG, sleeve gastrectomy; SH, sham operation; GAPDH, glyceraldehyde 3-
phosphate dehydrogenase.
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▶ Fig. 4 Regulation of lipid content and lipid droplet-associated proteins perilipin 1 and perilipin 2 in cardiac muscle. Measurements in the ani-
mal groups at 15 weeks of age (11 weeks of HFD) and 23 weeks of age (8 weeks after intervention). Values are means + SD of dietary groups (CD,
chow diet; HFD, high-fat diet) and intervention groups (GMD, gastric mucosa devitalization; SG, sleeve gastrectomy; SH, sham surgery). Sig-
nificant differences (P< .05) between GMD and SG compared with SH are indicated by asterisks. a Cardiac lipid content in the respective inter-
vention groups. Note, GMD rats had significantly reduced cardiac lipid content at 8 weeks compared to SH. b HE-stain illustrates the structural
characteristics of cardiac muscle. c Immunofluorescence of cryo-slices illustrate lipid droplet concentration and size (Nile red stain) as well as
expression of lipid droplet associated proteins PLIN1 and PLIN2 after 8 weeks of intervention (green). d,e Lipid droplet associated proteins were
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Discussion
Our previous work demonstrated that devitalization of the gas-
tric mucosa, independent of reduction in gastric volume, re-
duced adiposity and improved lipid and glucose metabolism
[12, 13]. As a result of the observed improvement in the afore-
mentioned metabolic effects, we hypothesized that GMD
would also result in a reduction in important cardiovascular
parameters such a blood pressure and cardiovascular LD de-
position. In a diet-induced HFD rat model of obesity, we pres-
ent novel data that GMD was indeed associated with significant
improvements in blood pressure, plasma renin, as well as cardi-
ac and aortic LD deposition. Therefore, devitalization (or poten-
tially any other method to eliminate or exclude) of the gastric
mucosa deserves further attention as a method to treat obesity
associated CVD.

In NHANES 1999–2010, 35.5% of obese individuals had hy-
pertension and a direct causative relationship exists between
overweight/obesity and hypertension [20–24]. GMD signifi-
cantly reduced both systolic and diastolic BP (▶Fig. 1a). This is
notable as high BP is the leading cause of death worldwide [25].
Furthermore, a strong direct relationship exists between the
level of BP and risk of comorbidities and death [26, 27]. Fortu-
nately, becoming normal weight has been shown to reduce
risk of developing hypertension to a level similar to those who
have never been obese and a linear association exists between

reduction in systolic BP and risk of mortality from CVD [28–
30].

The possible mechanisms behind reduction in BP observed
in GMD are likely explained by the combination of hormonal ef-
fects as well as effects on vascular endothelium (▶Fig. 1, ▶Fig.
2, ▶Fig. 3). Plasma renin activity was significantly lower in GMD
than SH rats (▶Fig. 1), indicating its influence in the observed
relative reduction in BP through its effects on the renin-angio-
tensin system, a major regulatory system of cardiovascular
function. Furthermore, a reduction in renin has cardiovascular
effects that are greater than expected by its ability to lower
blood pressure alone [31, 32]. A lowering of renin activity
would be expected to exert potent antiatherosclerotic effects,
delay the onset of type 2 diabetes and reduce frequency of at-
rial fibrillation and stroke [31, 33]. The mechanism being the re-
duction in renin observed in GMD rats was not ascertained,
however, it is known that even modest weight loss (5%) can re-
sult in a 47% reduction in plasma renin [34].

Vascular endothelium plays an essential role in regulation of
vascular tone and hence BP. Activation of muscarinic receptors
in the endothelium by Ach increases the production of nitric
oxide, leading to vessel relaxation. Our study showed GMD re-
sulted in an increase in endothelium-dependent vasodilation
in response to Ach compared to SH (▶Fig. 2), likely contribut-
ing to lowering of BP.
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▶ Fig. 5 Nile Red stain of cardiac muscle and aorta. a Fluorescence staining with Nile Red illustrating cardiac muscle lipid content. b Fluores-
cence staining with Nile Red illustrating aortic wall lipid content. CD, chow diet; HFD, high-fat diet; GMD, gastric mucosal devitalization; SG,
sleeve gastrectomy; SH, sham operation.
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High expression of GHSR in the heart, kidney and blood ves-
sels is evidence of ghrelin involvement in BP regulation [35]. In
detail, circulating ghrelin levels inversely correlate with blood
pressure, in part, due to its direct vasodilatory activities
through nitric oxide and nitric oxide-independent mechanisms
[35]. Therefore, in light of the finding that fasting serum ghrelin
was significantly reduced in GMD rats compared to SH (Supple-
mentary Table 1), we sought to assess the impact on blood
pressure. Surprisingly, the abundance of GHSR on the endothe-
lium of the rat aorta was significantly lower in GMD rats com-
pared to SH (▶Fig. 3). This may have been expected to have a
negative impact on BP, but was not observed. Such dissociative
findings have been observed in studies evaluating ghrelin and
GHSR, a testament to their complex interplay [35].

Obesity-associated perturbations in cardiac muscle and sys-
temic lipid metabolism are important contributors to cardio-
vascular complications of obesity [16]. In concordance with
the reduction in visceral adiposity, serum lipid profile and liver
LD deposition seen in our earlier work, we further demonstrate
a significant reduction in cardiac muscle LD deposition in GMD
rats compared to SH (▶Fig. 4, ▶Fig. 5). Accumulation of lipid in
non-adipose cells of the cardiovascular system results in cellu-
lar dysfunction and death, otherwise known as lipotoxicity [16].
Increased LD deposition results in endoplasmic reticulum
stress, alterations in autophagy, de novo ceremide synthesis,
oxidative stress, inflammation and changes in gene expression
[16]. These alterations in myocardiac structure and function di-
rectly impair cardiac function, resulting in heart failure [36]. In
addition to a reduction in cardiac muscle LD, we illustrate
grossly a reduction in quantity and size of LD in the aorta.
Therefore, the significant reductions in cardiac muscle and aor-
tic LD deposition have the potential to translate to clinically
meaningful improvements in patients with obesity-associated
CVD.

PLIN1 and PLIN2 are located on LD particle surfaces, hence,
they are they are considered marker proteins for LDs [38]. They
are both present in overabundance within the heart in patients
with coronary artery disease [39]. GMD resulted in a reduction
in PLIN1 but an increase in PLIN2 compared to SH (▶Fig. 4). The
reduction in PLIN1 would imply a potential clinical benefit. The
increase in PLIN2 is more difficult to interpret. Data exist de-
monstrating that PLIN2 is elevated in patients with CVD and
atherosclerosis [40]. On the contrary, PLIN2 has been shown to
improve insulin sensitivity in skeletal muscle, though this find-
ing has not been demonstrated in cardiac muscle [41]. Further
investigation into the interpretation of perilipins is warranted.

Animal models of disease have advantages as well as suffer
inherent limitations. As opposed to humans, the inclusion of
appropriate control groups such as sham surgery, as well as
the ability to control for certain factors (environment, diet) are
clear benefits. In addition, the rat model has widely available as-
says and antibodies allowing for detailed serum and tissue eval-
uation. However, the relatively young age of the rats does not
allow for assessment of reversibility of chronic disease states,
limiting translatability to humans. From an outcomes perspec-
tive, calculation of cardiac function was not performed, a find-

ing that may have allowed demonstration of the effects of lipo-
toxicity on cardiac function.

Conclusion
Herein, we demonstrate that a method of selective eradication
of the gastric mucosa, without alteration in the volume of the
stomach, results in a significant reduction in blood pressure,
plasma renin activity, and cardiac as well as aortic lipid droplet
deposition. This builds on our previous work that GMD results
in a reduction in visceral adiposity as well as an improvement
in lipid and glucose metabolism. The collective metabolic and
cardiovascular benefits observed in this high-fat-diet-induced
obese rat model deserves investigation in humans. Our pre-
vious work in a large animal model demonstrating technical
feasibility, efficacy and safety of GMD, provides evidence that
it is time to translate GMD to a clinical setting (NCT03526263).
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