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15 Abstract: Background/Goals: The gut hormone PYY secreted from intestinal L-cells has been
16 implicated in the mechanisms of satiation via Y2-receptor (Y2R) signaling in the brain and periphery
17 and is a major candidate for mediating the beneficial effects of bariatric surgery on appetite and

18 body weight. Methods: Here we assessed the role of Y2R signaling in the response to low- and high-
19 fat diets and its role in the effects of Roux-en-Y gastric bypass (RYGB) surgery on body weight, body

20 composition, food intake, energy expenditure and glucose handling, in global Y2R-deficient
21 (Y2RKO) and wildtype mice made obese on high-fat diet. Results: Both male and female Y2RKO
22 mice responded normally to low- and high-fat diet in terms of body weight, body composition,
23 fasting levels of glucose and insulin, as well as glucose and insulin tolerance for up to 30 weeks of

24 age. Contrary to expectations, obese Y2RKO mice also responded similarly to RYGB compared to
25 WT mice for up to 20 weeks after surgery, with initial hypophagia, sustained body weight loss, and
26 significant improvements in fasting insulin, glucose tolerance, HOMA-IR, and liver weight
27 compared to sham-operated mice. Furthermore, non-surgical Y2RKO mice weight-matched to
28 RYGB showed the same improvements in glycemic control as Y2RKO mice with RYGB that were
29 similar to WT mice. Conclusions: PYY signaling through Y2R is not required for the normal appetite-
30 suppressing and body weight-lowering effects of RYGB in this global knockout mouse model.
31 Potential compensatory adaptations of PYY signaling through other receptor subtypes or other gut

32 satiety hormones such as GLP-1 remain to be investigated.

33

34 Keywords: obesity; diabetes; body weight; body composition; glucose tolerance; insulin tolerance;
35 incretin; energy expenditure.

36

37 1. Introduction

38 Roux-en-Y gastric bypass surgery and vertical sleeve gastrectomy are the most effective tools to
39 treat severe obesity and its many comorbidities such as diabetes, cardiovascular disease, and cancer
40  [1-4]. However there are significant barriers preventing bariatric surgeries from being performed on
41  amuchlarger scale, including irreversibility of the invasive surgery, complications [5], weight regain
42 [6], loss of bone mineral density [7], increased alcohol and drug abuse [8], high initial cost, and lack
43 of trained surgeons. Therefore, understanding the mechanism(s) responsible for the greatly beneficial
44 effects of bariatric surgeries could accelerate the development non-surgical, less invasive alternatives
45  orimproved surgical techniques.
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46 Altered secretion and circulating levels of key gut hormones have been proposed as one of the
47  major mechanisms driving metabolic disease resolution following RYGB and other bariatric surgeries
48  [9; 10]. Specifically, postprandial circulating levels of both glucagon-like peptide-1 (GLP-1) and
49  Peptide YY (PYY) show a rapid and sustained increase after both RYGB and vertical sleeve
50  gastrectomy (VSG) in humans [11-17], as well as in rodent models [18; 19]. A large body of literature
51  has demonstrated the ability of these gut hormones and stable receptor agonists to suppress food
52 intake and lower body weight [20-25] and see [26], for recent review).

53 Furthermore, acute administration of octreotide, a non-specific inhibitor of gut hormone
54 secretion, 3 months after RYGB in humans increased food intake, suggesting that increased levels of
55  satiety hormones are involved in food intake suppression after bariatric surgery [27]. Also, activity
56  in reward-related brain areas in response to viewing palatable food pictures that was reduced after
57  RYGB was restored with GLP-1 receptor blockade [28], suggesting that increased GLP-1 receptor
58  signaling to the brain may be important for the decreased appetite and weight loss after RYGB.
59  However, in three independent animal studies, long-term interference with GLP-1 signaling in whole
60  body GLP-1 receptor-deficient mice was unable to change the ability of RYGB [29; 30] or VSG [31] to
61  reduce body weight and improve glycemic control of both surgeries, suggesting that increased
62  circulating PYY may be more important than GLP-1 for the long-term beneficial effects of RYGB and
63  VSG. Indeed, agonism of the PYY Y2R receptor with PYY33 or more selective Y2R agonism with
64  modified peptide analogs of PYYs3 produced robust weight loss in obese rodents, replicating some
65  of the benefits of RYGB/VSG [32; 33].

66 The longer-term effects of interference with PYY/Y2R-signaling after gastric bypass surgery have
67  Dbeen tested in two rodent models. Entero-gastro anastomosis with pyloric ligature produced less
68  body weight loss over 10 days in PYY-deficient mice compared to WT mice [34]. In contrast, RYGB-
69  induced weight loss was not reversed by intracranial PYY/Y2R blockade for 2 weeks in a rat model
70 [30]. The failure to see an effect with central blockade of the Y2R may indicate the importance of
71  peripheral actions of PYY such as promotion of GLP-1 secretion [35].

72 The aim of this study was to generate and metabolically characterize a whole body Y2R-
73 knockout (Y2RKO) mouse and to test the role of Y2R-deficiency in the long-term beneficial effects of
74 RYGB on body weight and glycemic control.

75

76 2. Materials and Methods

77  2.1. Animals and diets

78 Animal studies were conducted at Medlmmune (Gaithersburg, MD, USA), according to
79  protocols reviewed and approved by the Institutional Animal Care and Use Committee (IACUC) at
80  MedImmune in line with the AstraZeneca Animal Welfare and Bioethics policies, or at the
81  Pennington Biomedical Research Center under approved IACUC protocols.

82 Constitutive Y2R-knockout mice (C57BL/6NTac-Npy2rem3978Tee; YIRKO) were generated at
83  Taconic (San Diego, CA) by embryonic pronuclear microinjection of Cas9 mRNA with a proximal
84  and distal guide RNA (gRNA) targeting regions either side of exon 2 which contains the entire open
85  reading frame of Npy2r (Ensemble gene ID: ENSMUST00000029633). Cas9-mediated gene editing
86  resulted in complete excision of the open reading frame, part of the 5 untranslated region and all of
87  the 3 untranslated region. The proximal gRNA spacer sequence was ACATAAGTCGA-
88  TTAACAACT and distal gRNA was CACTTTTCCCACGAGTGTTGT. PCR products from 6 putative
89  founders were subcloned and confirmed by Sanger sequencing (not shown). Genotyping was
90  performed using the following primers: oligo 1-F (5'—>3') TTGATCTCACTCATTGTGGAGC and
91  oligo 2-R (5'—3") CATCAATTGATGAAGATACAGGC to detect the deleted Npy2r locus. Oligo 1-F
92 was used with oligo 3-R (5'—3') TCTACAGTTTGATTCTCATCTGCC to amplify the wildtype (WT)
93 locus. Study animals were obtained from heterozygous breeding pairs housed at Jackson Labs (Bar
94  Harbor, ME, USA) and were housed in standard caging at 22°C in a 12-h light:12-h dark cycle at
95  standard temperature and humidity conditions with ad libitum access to water and food (except
96  where noted).
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98  2.2. Experimental overview
99 Three cohorts of mice were used in this study. The first cohort consisted of male WT and Y2RKO

100 mice arriving at 10-12 weeks of age. Following one-week of acclimatization, baseline characteristics
101  including %HbA1lc were recorded and used to randomize the mice. Mice were then single-housed
102 and transitioned to either a 10% LF diet or a 60% HF diet to yield four groups: WT LF, WT HF,
103 Y2RKO LF, and Y2RKO HF. Body weight was measured weekly for 6 months. Six-hour fasting
104 insulin and glucose were determined at monthly intervals for 5 months of the study. Body
105  composition was determined at monthly intervals. At month 3, an intraperitoneal glucose tolerance
106  test (1.5 g/kg) was performed following 6 hours of fasting. One week later, in one group of WT and
107  Y2RKO mice, a mixed-meal tolerance test (10 uL Ensure®/g) following 6 hours of fasting;
108  acetaminophen was added to the Ensure® mixture to allow assessment of gastric emptying (10 g/L).
109  One week later, an additional mixed meal tolerance test was performed to assess baseline and meal-
110 stimulated peptide release. Three days later, animals were terminated and body length determined
111 by measuring the length between the nose and anus of the animal. The proximal duodenum was
112 removed and snap frozen for subsequent gene expression analysis.

113 The second cohort consisted of normal male and female WT mice, mice heterozygous for the
114 Y2R deletion (HET), and mice homozygous for the Y2R deletion (HOM). After one week of
115  acclimatization on chow diet, baseline characteristics (body weight, 6 h fasting insulin and glucose,
116  and body composition) were recorded and used to randomize the mice. Then, mice were single-
117 housed and transitioned to either a 10% low-fat (LF) diet (info) or a 60% high-fat (HF) diet (info) to
118  yield four groups: WT LF, WT HF, HET HF, and HOM HF. Body weight was measured weekly for
119 6 months. Six-hour fasting insulin and glucose were determined at monthly intervals for the first 3
120 months of the study period. Body composition was determined at monthly intervals. At month 4,
121  an intraperitoneal glucose tolerance test (1.5 g/kg) was performed following 6 hours of fasting. At
122 month 6, an intraperitoneal insulin tolerance test (1.0 U/kg) was performed following 6 hours of
123 fasting.

124 A third cohort consisting of 30 male WT and 26 male Y2RKO mice arrived at the Pennington
125  Biomedical Research Center at 10-12 weeks of age. Starting at about 6 weeks of age, some mice were
126  exposed to a high-fat or a two-choice diet consisting of high-fat (Kcal%: Carb, 20; Fat, 60; Prot, 20,
127 Diet D12492, Research Diets, New Brunswick, NJ) and low-fat regular laboratory chow (Kcal%: Carb,
128  58; Fat, 13; Prot, 28.5, Diet 5001, Purina LabDiet, Richmond, IN) for the duration of the experiment,
129 except for periods in the metabolic chamber when they were exposed to only high-fat diet. The
130 rationale for the two-choice diet was two-fold: one, it better mimics the human situation; secondly,
131  we found that mice eat relatively more chow immediately after RYGB to maintain motility of the
132 small gastric pouch. Mice were kept individually on corncob bedding except for the periods of food
133 intake measurements, when they were on grid floors. All animals were kept in climate-controlled
134 rooms at a slightly elevated room temperature of 23-24°C and a 12/12 hour light-dark cycle (lights on
135 at07:00), except for periods near thermo-neutrality (29° C) in metabolic chambers.

136 Mice of each genotype were then stratified into 3 groups, Roux-en-Y gastric bypass surgery
137  (RYGB, n = 10/11), sham surgery (Sham, n = 10/11), weight-matched to RYGB by calorie-restriction
138 (WM, n = 6/8). Body weight was measured before and after surgery every 2-3 days for a total of 20
139  weeks when the animals were euthanized and tissues harvested. Body composition was measured
140  with NMR before and every 2 weeks after surgery. Food intake was measured before surgery, and
141  ondays1-10 and 60-74 after surgery. Energy expenditure was measured at 2-3 weeks and 16-17 weeks
142 after surgery. Glucose tolerance was measured at 4 weeks and insulin tolerance at 6 weeks after
143 surgery. No other invasive tests such as large volume blood sampling were performed so as not to
144 perturb body weight. All mice used for the study were genotyped at the end of the experiment to
145 verify their WT or Y2RKO genotype (Supplementary Fig. S1).

146

147  2.3.Plasma parameters and tolerance tests in cohorts 1 and 2

148 2.3.1. Fasting blood glucose and insulin


http://dx.doi.org/10.20944/preprints201902.0100.v1
http://dx.doi.org/10.3390/nu11030585

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 12 February 2019 d0i:10.20944/preprints201902.0100.v1

4 of 18

149 For the six-hour fasting blood glucose values in all cohorts and the blood glucose values
150  indicated for the intraperitoneal GTTs and ITTs, a glucometer was used (Ascensia Breeze, Bayer,
151  Germany) with tail-vein blood. For all other tests, plasma glucose was determined via colorimetric
152 glucose oxidase kit (Cayman Chemical, Ann Arbor, MI). Six-hour fasting plasma insulin was
153 determined via ELISA (MSD, Rockville, MD).

154
155  2.3.2. Glucose and insulin tolerance tests
156 Intraperitoneal glucose tolerance tests were performed at either month 3 or 4 in all cohorts, as

157  indicated. Mice were 6 h fasted and injected intraperitoneally with 1.5 g/kg glucose in saline. Blood
158  glucose was determined at 0, 15, 30, 60, 120, and 180 min for cohort 1; 0, 15, 30, 60, and 120 min for
159  cohort 2; and 0, 15, 30, 60, 90, and 120 min for cohort 3. In Supplementary Figure 1m-n, some values
160  in the HF groups exceeded the glucometer threshold and were removed from the analysis.
161  Intraperitoneal insulin tolerance tests were performed at month 6 in cohort 2. Mice were fasted for
162 6 h and injected intraperitoneally with 1.0 U/kg insulin. Blood glucose was determined at 0, 15, 30,
163 60, and 120 min. In Supplementary Figure 1s, 4 animals in the WT LF group required rescue from
164  hypoglycemia at 30 min, and one animal at 60 min.

165

166  2.4. Measurements in cohort 3 (RYGB mice)

167  2.4.1. RYGB, sham surgery, and weight matching

168 RYGB was performed according to a protocol described previously [36]. Briefly, in a jejuno-
169  gastric anastomosis, the cut end of the mid jejunum was connected with a very small gastric pouch
170 and the other end of the cut jejunum was anastomosed to the lower jejunum, resulting in a 5-6 cm
171  long Roux limb, a 9-11 cm long biliopancreatic limb, and a 20-25 cm long common limb. Sham surgery
172 consisted of laparotomy only, without transection of jejunum and stomach. Mice weight-matched to
173 the RYGB group were restricted to about 50-70% of the caloric intake of the RYGB group. Pre-weighed
174 amounts of food (Kcal: ~93% high-fat, ~7% chow) were given once per day during the light period.
175 Two Y2RKO mice subjected to RYGB surgery were euthanized at 6 and 14 days after surgery
176  due to complications with the surgery. One WT mice with RYGB was euthanized 3 weeks after
177 surgery after rapid excessive weight loss and one WT mouse with RYGB died unexpectedly 4 weeks
178  after surgery. These 4 mice were not included in any analysis.

179
180  2.4.2. Measurement of body weight, body composition, and food intake
181 Body weight was measured every 2-3 days for RYGB and sham mice, and every day for WM

182  mice. Body composition was measured before and every 2 weeks (+ 4 days) after surgery with a
183  Minispec LF 90 NMR Analyzer (Bruker Corporation, The Woodlands, TX). Adiposity index was
184  defined as fat mass divided by lean mass.

185 Food intake was measured for 4-7 days before and 4-10 days after surgery, as well as for 10
186  consecutive days at 9 weeks after surgery. Total food intake in kcal was derived from intake of high-
187  fat diet (5.24 kcal/g) and regular chow diet (3.02 kcal/g) and by taking spillage into account. Chow
188  preference was calculated as the percentage of total food intake in kcals obtained from regular chow

189  diet.

190

191 2.4.3. Measurement of energy expenditure, RER, and locomotor activity

192 Energy expenditure, RER, and locomotor activity were measured at the end of the weight loss

193 period (12-25 days after surgery, referred to as 3 weeks) and during the stable weight phase (111-125
194 days after surgery, referred to as 17 weeks) in metabolic chambers (Phenomaster/Labmaster, TSE
195  Systems, Germany). All mice were first adapted to eating food from hanging baskets in training
196  cages for 4-6 days. Mice that had difficulty eating from hanging baskets were floor-fed. Energy
197  expenditure was measured at two ambient temperatures, normal room temperature at 23°C for 3 days
198  and near thermoneutrality at 29°C for 3 days. Mice were adapted for at least one day to each condition
199  before taking measurements. Energy expenditure is reported both unadjusted in kcal/mouse, and
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200  adjusted for lean and total body mass. Locomotor activity was measured in numbers of beam breaks
201  inthe X and Y planes (7mm spatial resolution, 10ms temporal resolution).

202
203 2.4.4. Glucose and insulin tolerance tests, fasting insulin and leptin
204 Glucose tolerance was assessed at 30 + 4 days (referred to as 4 weeks) after surgery by injecting

205  a-D-glucose (1.5 mg/kg, 30% w/v in sterile saline, i.p.) and measuring blood glucose from the tail vein
206  before and at 15, 30, 60, and 120 minutes after injection, with glucose strips and a glucometer
207 (Onetouch Ultra Strips and Onetouch Ultra Glucometer, LifeScan INC, Milpitas, CA). Glucose
208  tolerance tests were conducted between 09:00 and noon, after 3-5 h of food deprivation. Insulin
209  tolerance was assessed at 43 + 4 days (referred to as 6 weeks) after surgery by injecting insulin (0.6
210 U/kg in sterile saline, i.p., Novolin R, Novo Nordisk, Bagsvaerd, Denmark) and measuring blood
211 glucose as above.

212
213 2.4.5. Final plasma and tissue harvest
214 At 143 + 4 days after surgery mice were food deprived for 3-5 hours and euthanized by

215  decapitation. A few drops of trunk blood were collected and blood glucose was immediately tested
216  using glucose strips as above. An additional 500 pl of trunk blood was collected, treated with 83.5 ul
217  EDTA (Sigma, St. Louis, MO) and a protease inhibitor cocktail (1.5 pl of each of the following:
218 Protease inhibitor, Sigma, St. Louis, MO; DPP-IV inhibitor, EMD Millipore, St. Charles, MO; Prefabloc
219  SC, Roche, Indianapolis, IN), and immediately centrifuged at 4°C and 3000 RPM for 10 min to
220  separate the plasma from the whole blood. Plasma aliquots were frozen in liquid nitrogen and stored
221  at - 80°C prior to processing. Plasma was subjected to ELISA for measurement of insulin
222 concentrations (MADKMAG-71K Milliplex map mouse adipokine magnetic bead panel — endocrine
223 multiplex assay, EMD Millipore, St. Charles, MO).

224
225  2.5. Statistical analysis
226 For high-fat diet growth curves, data normality was determined by the D’Agnostino and

227  Pearson test. Parametric data were analyzed by one-way or two-way ANOVA followed by Tukey’s
228  test. Data are presented as mean + SEM. All data were analyzed using GraphPad Prism software
229  version 7.02 (San Diego, CA). Statistical significance was set at p < 0.05.

230 Differential changes in weight, fat mass, and adiposity index between RYGB and sham were
231  analyzed with ANOVA, followed by Students t-tests and considered significant at p < 0.05. Food
232 intake, energy expenditure, locomotor activity, RER, insulin and glucose tolerance AUC, and fasting
233 plasma assays were analyzed with two-way ANOVA using treatment group and genotype as
234 between subject variables. Benjamini-Hochberg corrected pairwise t-tests with false discovery rate
235 setat0.05 were used for specific group comparisons. All data are reported as mean + SEM.

236

237  3.Results

238  3.1. Y2R-deficient mice grow normally on regular chow diet and respond normally to high-fat diet
239 Male WT and homozygous Y2RKO mice at the age of 6 weeks where fed either a low-fat (10%
240  kcal/fat) or a high-fat (60% kcal/fat) diet for 30 weeks. On low-fat diet, Y2RKO mice grew normally
241  but with a tendency to exhibit slightly less weight gain and fat mass gain after about 20 weeks (Fig.
242 1la-c). On high-fat diet, Y2RKO gained body weight, lean mass, and fat mass at similar rates as WT
243 mice, with no significant differences at any time point up to 30 weeks (Fig. 1a-d). Although body
244 length at termination was significantly increased in high-fat fed mice, there were no significant
245  differences between genotypes in either low- or high-fat fed mice (Supplementary Fig. S2r).

246  Fasting blood glucose was similarly increased by high-fat diet in both WT and Y2RKO mice, with a
247  peak at around 14 weeks and slight moderation thereafter (Fig. 1e). Fasting plasma insulin was also
248  similarly increased by high-fat feeding in both genotypes, with a steady increase (Fig. 1f). Similarly,
249  intraperitoneal glucose tolerance assessed at 14 weeks was similarly impaired in the high-fat diet
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Figure 1. Body weight, body composition, fasting glucose and insulin and glucose tolerance of male
WT and Y2RKO mice on either low-fat (10%; LF) or high-fat (60%; HF) diet. Absolute (a) and percent
change (b) in body weight; total fat mass (c) and lean mass (d); fasting blood glucose (e) and plasma
insulin (f) and intraperitoneal glucose tolerance test (1.5 g/kg) (g) with associated area under the curve
analysis (h). N = 10/group. 2p < 0.05 LF WT vs. HF WT, p <0.05 LF Y2RKO vs. HF Y2RKO, ¢p < 0.05
HF WT vs. LF Y2RKO, 4p <0.05 LF WT vs. HF Y2RKO, ¢p <0.05 HF WT vs. HF Y2RKO, fp <0.05 LF
WT vs. LF Y2RKO.

groups, with a tendency for Y2RKO mice exhibiting slightly higher impairment compared to WT
mice (Fig. 1g, h).

The response to a 60% high-fat diet was also assessed in female and male heterozygous and
homozygous Y2RKO mice in a separate cohort. In general, the effects of high-fat diet were very
similar, with no major differences between WT and Y2RKO or Y2R heterozygous (HET) mice
(Supplementary Fig. S2a). Weight gain and body composition changes were similar in Y2R HET and
Y2RKO mice compared to WT mice for both males with the typical convex (Supplementary Fig.S1a,
b), and females with the typical concave slope of the weight gain curve (Supplementary Fig. S2¢, d).
Weight gain was mostly due to fat mass gain and this was also similar for the two genotypes
(Supplementary Fig. S2e-h).
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271 Figure 2. Effect of RYGB or sham surgery, or weight matching to RYGB by caloric restriction (WM)
272 on body weight, body composition, and leptin levels of Y2RKO and WT mice. a, b: Effect on absolute
273 body weight and percent body weight change over the 18 week observation period. Body weight of
274 WM mice was, by design, similar to RYGB and is not shown. Timing of glucose tolerance test (GTT),
275 insulin tolerance test (ITT), and metabolic chamber exposure (M, gray bar) are shown in A. ¢, d, e:
276 Effect on fat mass (c), lean mass (d), and adiposity index (e) over the 18 week observation period. f:
277 Plasma leptin levels at termination of the study. Data in a-e are shown as means + SEM. Data in f are
278 presented as individual data points over a box showing means + SEM. Groups that do not share the
279 same letters are significantly different from each other (p < 0.05, pairwise t-tests with Benjamini-
280 Hochberg correction, FDR = 0.05).
281
282 Fasting blood glucose levels in males were significantly elevated at 60 days on the high-fat diet

283 compared to the low-fat controls in WT, HET and Y2RKO mice (Supplementary Fig. S2i), while
284  fasting plasma insulin levels were significantly elevated at 90 days (Supplementary Fig. S2j). Fasting
285  blood glucose in females was not significantly elevated except for the Y2RKO mice at 30 days
286  (Supplementary Fig. S2k), while fasting plasma insulin was significantly increased to a similar extent
287  inall groups on high-fat diet at 90 days (Supplementary Fig. S2I).

288 In both males and females, glucose tolerance assessed at ~120 days after the start of high-fat diet
289  was significantly impaired to a similar extent in all three groups on high-fat diet compared to the
290  low-fat controls (Supplementary Fig. S2m-p). Finally, insulin’s ability to lower blood glucose,
291  assessed at ~180 days after initiation of high-fat diet, was significantly reduced in all three groups of
292 male mice on high-fat diet, with no difference in genotype (Supplementary Fig. S2q). Although there
293 was asimilar trend for female mice, only Y2RKO and WT, but not HET mice, on high-fat diet showed
294  asignificant deterioration of insulin tolerance (Supplementary Fig. S2s).

295
296  3.2. Similar effects of RYGB on body weight and body composition in Y2RKO and WT mice
297 Body weight was similarly affected by RYGB and sham surgery in WT and Y2RKO mice (Fig.

298  2a,b). After an initial body weight nadir reached at about 3-4 weeks after RYGB, there was significant
299  weight regain during the remainder of the 19 week observation period for both genotypes. There was
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302 Figure 3. Effect of RYGB, sham surgery, or weight matching to RYGB by caloric restriction (WM) on
303 food intake and diet preference in Y2RKO and WT mice. All mice were on a two choice diet consisting
304 of high-fat and regular (low-fat) chow. a: Daily food intake before and for 15 days after surgery. b:
305 Average daily food intake over three distinct periods: pre-surgical (5 days before surgery), recovery
306 (days 1-10 after surgery), and stable period (days 11-15 after surgery). c¢: Daily chow preference before
307 and for 15 days after surgery. Preference is expressed as percent calories obtained from chow diet.
308 WM mice were given a fixed percent of calories from chow so their data is not shown. d: Average
309 daily chow preference over the same periods as in b. Data in a and c are presented as means + SEM.
310 Data in b and d are presented as individual data points over a box showing means + SEM. Groups
311 that do not share the same letters are significantly different from each other (p <0.05, pairwise t-tests
312 with Benjamini-Hochberg correction, FDR = 0.05).
313

314  aslight tendency for Y2RKO mice with RYGB to regain more body weight during the last 8 weeks,
315  so that the final body weight loss was only 4% below pre-surgical body weight compared to 9% in
316  WT mice with RYGB, but this difference was not statistically significant. In contrast, mice with sham
317  surgery of both genotypes had only a small and transient reduction and then continued to gain body
318  weight. Body weight changes were mostly due to changes in fat mass and there were no significant
319  differences between WT and Y2RKO mice (Fig. 2c-e). Interestingly, calorie restriction for weight-
320  matching resulted in significantly greater loss of lean mass and a higher adiposity index compared
321  to RYGB. While RYGB significantly reduced the size of inguinal, mesenteric, perirenal, and
322 retroperitoneal and interscapular brown fat pads compared to sham surgery in both genotypes, it
323 unexpectedly did not decrease gonadal fat (Supplementary Fig. S3). The effects on total fat mass and
324  fad pad weights were generally reflected by leptin levels at termination (Fig. 2f). Notably, leptin levels
325  in Y2RKO mice were higher compared to WT mice with RYGB. Although not significant, this
326  difference is consistent with the larger weight regain of Y2RKO mice with RYGB.

327
328  3.3.Similar effects of RYGB on food intake and metabolism in Y2RKO and WT mice
329 There were no differences in total energy intake between any groups before surgery (Fig. 3a, b).

330  After RYGB, food intake was significantly and similarly suppressed in both genotypes for the first 10
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332 Figure 4. Effect of RYGB, sham surgery, or weight matching to RYGB by caloric restriction (WM) on
333 ANCOVA adjusted energy expenditure using body weight as a covariate (a), respiratory exchange
334 ratio (b), and locomotor activity (c) in Y2RKO and WT mice. Measurements were taken both at room
335 temperature (23°C) and at thermoneutrality (29°C) at about 7-8 weeks after surgery. Data are
336 expressed as individual data points over a box showing means + SEM. Data that do not share the
337 same letters are significantly different from each other (p < 0.05, pairwise t-tests with Benjamini-
338 Hochberg correction, FDR = 0.05).

339  days compared to sham surgery and pre-surgical levels. In weight-matched mice, the amount of food
340  necessary to maintain body weight of the respective RYGB groups was significantly less than food
341  intake of RYGB mice for the first 15 days after surgery, and similar for the two genotypes.

342 Preference for chow, which was very low before surgery, significantly increased during the first 10
343 days after surgery for both genotypes (Fig. 3¢, d).

344 Total daily energy expenditure (TEE; ANCOVA-adjusted for body weight) determined 7-8
345  weeks after surgery at thermoneutrality (29°C) was significantly higher in mice subjected to RYGB
346  compared with weight-matched mice but was not different compared to sham-operated mice (Fig.
347  4a). Respiratory exchange rate (RER) measured at thermoneutrality, was significantly higher after
348  RYGB compared to weight-matching and sham surgery in Y2RKO mice (Fig. 4b). Although the same
349  trend was observed in WT mice, it was not significantly different. There were no significant
350  differences between any groups in locomotor activity assed in the metabolic chambers at
351  thermoneutrality (Fig. 4c).

352 At termination, liver weight was significantly lower after RYGB and weight-matching compared
353 tosham surgery in both genotypes (Supplementary Fig. S4a). However, liver weight was significantly
354  lower in Y2RKO mice with sham surgery compared to their WT counterparts. Both heart and kidney
355  weights were significantly lower in weight-matched compared to RYGB and sham mice of both
356  genotypes (Supplementary Fig. S4b, c). Furthermore, wet weight of the small and large intestines was
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357  significantly different between sham, RYGB, and weight-matched mice, with RYGB highest and
358  weight-matched lowest, irrespective of genotype (Supplementary Fig. S5).
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361 Figure 5. Effect of RYGB, sham surgery, or weight matching to RYGB by caloric restriction (WM) on
362 glucose tolerance (a) and Insulin tolerance (b) in Y2RKO and WT mice. Data are presented as means
363 +SEM, or as individual data points over a box showing means + SEM. Data that do not share the same
364 letters are significantly different from each other (p < 0.05, pairwise t-tests with Benjamini-Hochberg
365 correction, FDR = 0.05).

366  3.4.Similar RYGB-induced improvements of glycemic control in Y2RKO and WT mice

367 Intraperitoneal glucose tolerance assessed 3 weeks after surgery revealed better glucose
368  tolerance in mice with RYGB and weight-matching compared to sham surgery in both genotypes
369  (Fig. 5a). However, the difference in AUC between RYGB and sham was only statistically significant
370  in Y2RKO but not in WT mice. Insulin tolerance assessed 6 weeks after surgery showed significantly
371  better ability of insulin to lower blood glucose after RYGB and weight-matching compared to sham
372 surgery in both genotypes (Fig. 5b). Furthermore, fasting plasma insulin and HOMA-IR measured at
373  termination was significantly lower after RYGB compared to sham surgery in both genotypes (Fig.
374  6). Although weight-matching resulted in the same significant improvements in WT mice, it did not
375  do so in Y2RKO mice.

376  4.Discussion

377 Given the strong anorexigenic and body weight lowering effects of PYY and Y2R-agonists [37;
378  20; 38; 39; 32; 33], it could be expected that Y2R-deficient mice eat more and gain more weight than
379  WT mice. Previous findings in Y2R-KO mice are inconsistent. On one hand, global Y2R-KO in male
380  mice resulted in slightly higher body weight that normalized after about 20 weeks of age, and
381 decreased locomotor activity [40]. On the other hand, conditional knockout of the Y2R in the
382  hypothalamus resulted in transiently decreased body weight in the face of increase food intake [41].
383  Inour Y2R-KO model, food intake and body weight on regular chow or high-fat diet were similar in
384  both male and female Y2R-KO and WT mice. If anything, body weight gain after 20 weeks on low-
385  fat diet was slightly less in male Y2R-KO mice. Similarly, there were no significant differences
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386  between Y2R-KO and WT mice in fasting blood glucose and insulin and in glucose and insulin
387  tolerance. We cannot rule out that compensatory mechanisms during early development may be
388  responsible for the lack of effect in these germline knockout mice, however our data suggest a lack of
389  tonic anorexigenic tone mediated via Y2R.

390
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392 Figure 6. Effect of RYGB, sham surgery, or weight matching to RYGB by caloric restriction (WM) on
393 fasting plasma glucose (a), fasting plasma insulin (b), and HOMA-IR (c), in Y2R-KO and WT mice, as
394 measured at termination of the experiment. Data are presented as individual data points over a box
395 showing means + SEM. Data that do not share the same letters are significantly different from each
396 other (p < 0.05, pairwise t-tests with Benjamini-Hochberg correction, FDR = 0.05).

397  Given the robustly increased secretion and circulating levels of PYY after both RYGB and VSG in
398  humans as well as rodent models [11; 13-17], we further hypothesized that at least some of the
399  appetite and body weight-lowering effects of these surgeries are mediated by increased PYY/Y2R
400  signaling and that they would be abolished or attenuated in Y2R-KO mice. However, contrary to our
401  expectations, RYGB was similarly effective in reducing body weight and improving impaired glucose
402  handling in high-fat diet-induced obese Y2R-KO and WT mice, suggesting that neither central nor
403  peripheral PYY/Y2R signaling is required for these beneficial effects of RYGB. Our findings are in
404  contrast to one previous report in mice with duodenal bypass surgery [34], but are consistent with
405  another report in rats with RYGB [30]. The body weight-lowering effect of duodenal bypass surgery
406  over the first 10 days after surgery seen in WT mice was greatly reduced in mice with PYY-deficiency
407  [34]. The different outcome may be due to the different surgery, the short observation period after
408  duodenal bypass, or deficiency in ligand vs. receptor. It is possible that in our Y2R-KO mice, PYY
409  retained its ability to signal through other Y-receptors, such as YIR, and Y5R, while this was
410  abolished in the PYY-deficient mice. However, Y2R is the preferred receptor for PYY and there is
411  little evidence for anorexigenic and body weight lowering actions of YIR and Y5R agonism. PYY Y5R
412  may even counteract the anorectic effects mediated by the Y2R [42]. Our findings are, however,
413 consistent with a previous study in rats, in which two weeks of intracranial infusion of the Y2R
414  antagonist BIIE 0246 did not increase food intake and body weight in obese rats that had undergone
415  RYGB four month earlier and had settled at a lower body weight [30]. By infusing the Y2R-antagonist
416  into the brain, that study may have missed important actions of PYY in the periphery. For example,
417  PYY has been shown to stimulate GLP-1 secretion [35], and via YIR on pancreatic B-cells, insulin
418  secretion [43]. However, the present findings do not suggest that PYY actions through peripheral Y2R
419  isimportant for the beneficial effects of RYGB.

420 Y2R is also expressed in a subpopulation of vagal afferents innervating the lower gastrointestinal
421  tract, where it might be involved in vagal afferent satiety signaling [44; 45]. Since integrity of vagal
422  afferents innervating the small intestine through the celiac branches are partially required for the
423 beneficial effects of RYGB in rats [46], a case for Y2R on vagal afferents could be made. However, the

424 present results with global Y2R-KO do not support such a role.
425

426 Supplementary Materials: The following are available, Supplementary Figures S1, S2, S3, 54, and S5.
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Appendix A

K K KWW Kw KWW W KwKwww KK ww K

K K WW Kw KK WW K KWK KWW KK W WwK

Supplementary Figure S1. Genotyping of the 22 WT (W) and 22 Y2R*/GLP1R* double-knockout
mice used for the final analysis. Tail biopsies, taken at time of tissue harvest, were incubated at 95 °C
in lysis solution for 1hr. Neutralization buffer was added, and tails were stored at -20 °C until time
of genotyping. The PCR sample consisted of a 25ul volume containing 1ul of each of three primers
(11982_3: TTGATCTCACTCATTGTGGAGC ; 11982_4: CATCAATTGATGAAGATACAGGC ;
11982_7: TCTACAGTTTGATTCTCATCTGCC). Each reaction also contained AmpliTaq Gold 360
Master Mix and 360 GC Enhancer (Applied Biosystems by Thermo Fisher Scientific). The following
PCR conditions were applied: 5 min, 95 °C initial denaturation; 30 s, 95 °C cyclic denaturation; 30 s,
60 °C cyclic annealing; 1 min, 72 °C cyclic elongation for a total of 35 cycles, followed by a 10 min 72
°C elongation step. PCR amplification products were analyzed by agarose gel electrophoresis. KO
band are detected at 206 base pairs and WT band is detected at 357 base pairs.


http://dx.doi.org/10.20944/preprints201902.0100.v1
http://dx.doi.org/10.3390/nu11030585

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 12 February 2019

d0i:10.20944/preprints201902.0100.v1

460
461

462
463
464
465
466
467
468
469
470
471
472

Male

a b g 1207
_ £ 100
s 2
£ 2 80
) z
g 3 60
3 £ 401
2 ©
o - LFWT - HFHET 2 504
- HFWT -8 HFHOM 2
0 50 100 150 200 0 50 100 150 200
Time (day) Time (day)
e f 251
. 20
% 25 2
2 @ 157
E abc 4@
g 20 ® =101
e I abc
5 abc
abc
151, . . , ol—2, . .
0 50 100 150 0 50 100 150
Time (day) Time (day)
I 400 J 5
=y -
300 -
3 E 10
E d 2
% 200 ac E
S abc 2 5
I 100 £
abc
0+ T ] 0= T J
0 50 100 0 50 100
Time (day) Time (day)
5
m soo N E 2500
- *
3 L
jr S 2000
3 400 £
£ ac £ 1500
g o« £ 1000
§ 200 abe g
o be < 500
2
3
olr——— g ol .
0 50 100 150 200 @ R
Time (min) K X Q{(‘z‘ Qg%
250 r A
q . |—|
= 200 £
3 &
£ 150 "
~ o
3 g
§ 100 20 = % 5
o) bc o
© 50 abc o
0 T ) 0 T
0 40 80 120 o & (8]
Time (min) & & <<$ &
NI N
N &

13 of 18

Female
c K 2507
£
@ .%200'
+ 40
S ;’150-
[
s 2
1004
2 201 100
@ %
g 504
04 S o —
0 50 100 150 200 0 50 100 150 200
Time (day) Time (day)
g 25 h 30
=) _
w20 2 204 e
8 a
£ acde g
c d =
§ 1590 5 5 10 d
de abe abc
ac
10- 04
0 50 100 150 0 50 100 150
Time (day) Time (day)
k 250 25
oy 520
S 200 E
£ ga1.5
> £
» o
o = 1.0
§ 150 H abe
[} =05
c
100 0.0
0 50 100 0 50 100
Time (day) Time (day)
5
O 500 p £ 1500 .
2
5400 o
5 =< 1000
£ 300 £
3 b §
2004 /A :
8 abe S 500
3 abc 2
® 100 c <
3
0 S o
0 50 100 150 200 @& RS \2@& &
Time (min) K3 X K Q{‘\?\
S 250
=5 200
3
£ 150
3
3 100
[
kS
o s0{ °©
ac
0
0 40 80 120
Time (min)

Supplementary Figure S2. Physiological parameters of male and female wildtype (WT),
heterozygous (HET) and homozygous Y2RKO mice on 60% high-fat (HF) diet, compared to WT mice
on 10% low-fat (LF) diet. (a-d) Absolute and percent change in body weight. (e-h) Total lean and fat
mass. (i-1) Fasting blood glucose and fasting plasma insulin. (m-p) Intraperitoneal glucose tolerance

test (1.5 g/kg) and associated area under the curve (AUC). (q, s) Intraperitoneal insulin tolerance test
(1.0 U/kg). N =7-13 for all groups. 2p <0.05LF WT vs HF WT, *p <0.05 LF WT vs HF HET, cp <0.05
LF WT vs HF HOM, 4p < 0.05 HF WT vs HF HET, ¢p < 0.05 HF HET vs HF HOM. r: Terminal body
length in a different cohort of male mice, the same cohort as that shown in Figure 1 (N =9-10/group).
~ p <0.0001).
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Supplementary Figure S3. Effect of RYGB, sham surgery, or weight matching to RYGB by caloric

restriction (WM) on weight of gonadal (a), retroperitoneal (b), perirenal (c), mesenteric (d), and
inguinal white fat (e), as well as interscapular brown fat pads (f) in Y2RKO and WT mice at

termination of the experiment. Data are expressed as individual data points over a box showing

means + SEM. Data that do not share the same letters are significantly different from each other (p <

0.05, pairwise t-tests with Benjamini-Hochberg correction, FDR = 0.05).

Liver b Heart c Kidneys
S L 2. oo :
o b 2004 q% * b o a a
b b
ool B2 8 b | wa B
A B g < g
2000 o 2 S s 1
| ¢ 2001
W =
0 0 0
WT KO WT KO WT KO

—o— WT Sham
-o- WT RYGB
-o- WT WM

—e— KO Sham
—e— KO RYGB
—e— KOWM

Supplementary Figure S4. Effect of RYGB, sham surgery, or weight matching to RYGB by caloric
restriction (WM) on liver (a), heart (b), and kidney (c) weights in Y2RKO and WT mice at termination
of the experiment. Data are expressed as individual data points over a box showing means + SEM.

Data that do not share the same letters are significantly different from each other (p < 0.05, pairwise

t-tests with Benjamini-Hochberg correction, FDR = 0.05).
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Supplementary Figure S5. Effect of RYGB, sham surgery, or weight matching to RYGB by caloric
restriction (WM) on length (a, c¢) and weight (b, d) of small and large intestine, respectively in
Y2RKO and WT mice at termination of the experiment. Data are expressed as individual data points
over a box showing means + SEM. Data that do not share the same letters are significantly different
from each other (p < 0.05, pairwise t-tests with Benjamini-Hochberg correction, FDR = 0.05).
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