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Abstract

Objective: Gastric bypass surgery results in long-term weight loss. Small studies have
examined protein changes during rapid weight loss (up to 1 or 2 years post surgery).
This study tested whether short-term changes were maintained after 12 years.
Methods: A 12-year follow-up, protein-wide association study of 1,297 Somalogic
aptamer-based plasma proteins compared short- (2-year) and long-term (12-year) pro-
tein changes in 234 individuals who had gastric bypass surgery with 144 noninter-
vened individuals with severe obesity.

Results: There were 51 replicated 12-year protein changes that differed between the
surgery and nonsurgery groups. Adjusting for change in BMI, only 12 proteins re-
mained significant, suggesting that BMI change was the primary reason for most pro-
tein changes and not non-BMl-related surgical effects. Protein changes were related
to BMI changes during both weight-loss and weight-regain periods. The significant
proteins were associated primarily with lipid, uric acid, or resting energy expenditure
clinical variables and metabolic pathways. Eight protein changes were associated with
12-year diabetes remission, including apolipoprotein M, sex hormone binding globu-
lin, and adiponectin (p < 3.5 x 1072).

Conclusions: This study showed that most short-term postsurgical changes in pro-
teins were maintained at 12 years. Systemic protection pathways, including inflam-
mation, complement, lipid, and adipocyte pathways, were related to the long-term

benefits of gastric bypass surgery.

This is an open access article under the terms of the Creative Commons Attribution-NonCommercial-NoDerivs License, which permits use and distribution in
any medium, provided the original work is properly cited, the use is non-commercial and no modifications or adaptations are made.
© 2021 The Authors. Obesity published by Wiley Periodicals LLC on behalf of The Obesity Society (TOS).
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INTRODUCTION

Bariatric surgery results in significant, sustained weight loss in most
patients. The surgery also improves most cardiovascular risk factors,
including blood pressure, diabetes, dyslipidemia, fatty liver disease,
inflammation, and health-related quality of life (1-4). Total mortal-
ity and cardiovascular mortality are reduced by 40% and 56%, re-
spectively (5). Whereas voluntary, nonsurgical weight loss is difficult
to maintain over the long term (6), surgical weight loss is generally
maintained long term and, as such, it may provide an efficient way
of identifying proteins and protein pathways contributing to im-
proved health outcomes induced by bariatric surgery or weight loss
in general.

Short-term studies of 1 or 2 years (i.e., the nadir of maximum
weight loss) (7) have suggested plasma proteins significantly change
after bariatric surgery (8-11), but it is unknown which protein
changes are durable in the long term. Long-term assessment is im-
portant because short-term postsurgical changes in many proteins
may be due to the invasive nature of the surgery itself and the dra-
matic first year of postsurgical weight loss, which is expected to
affect many related physiological systems. However, once weight
has stabilized and modest weight regain progresses, the underlying
short-term benefits of the protein changes may disappear if these
proteins return to near presurgical levels. ldentification of proteins
that remain changed long term may help identify biological pathways
responsible for disease reduction. Therefore, a proteome-wide as-
sociation study (PWAS) was conducted to test for significant differ-
ences in 12-year changes in 1,297 plasma protein levels between
234 individuals with severe obesity who had gastric bypass surgery
and a nonintervened group of 144 individuals with severe obesity.
Protein changes were also related to significant changes in disease

risk factors.

METHODS

A longitudinal, controlled study of the risks and benefits of Roux-
en-Y gastric bypass surgery was begun in 2000. After a baseline
exam (exam 1), additional exams were conducted at the University
of Utah at approximately 2 years (exam 2), 6 years (exam 3), and 12
years (exam 4) (3,12,13). Follow-up of major clinical variables was
more than 90% at exam 4, although only 67% of individuals had their
blood drawn at the University of Utah and could provide a sample
for proteomic measurements. Of the 67% returning individuals, a
subset of the individuals was selected who either had gastric bypass
surgery after the baseline exam or who never had bariatric surgery
during follow-up. The nonsurgery group did not have a study-related
intervention during the follow-up period, and even though mean
weight did not change, there was a wide variation in weight change
in this group over the 12 years. An initial subset of 203 individu-
als (137 in the surgery group and 66 in the nonsurgery group) was
used as a discovery set, and a second subset of 175 individuals (97
in the surgery group and 78 in the nonsurgery group) was used for

Study Importance

What is already known?

» Plasma protein amounts change 1 to 2 years after bariat-
ric surgery.

» Many of these proteins are in known obesity-related
metabolic pathways and have been associated with im-

proved clinical risk factors for disease.

What does this study add?

» Most short-term postsurgical plasma protein changes
were maintained up to 12 years post surgery and were
related to weight change rather than gastric bypass sur-
gery, per se.

» Long-term protein changes were related to improve-
ments in clinical disease risk factors primarily involving
lipid pathways rather than diabetic pathways.

» Inflammation, complement, and adipocyte function
pathways were other important pathways that were

overexpressed by the significantly changed proteins.

How might these results change the direction of
research or the focus of clinical practice?

» Beneficial protein changes identified after gastric by-
pass surgery are also likely to be induced by nonsurgical
weight loss.

» |dentification of plasma proteins involved with improved
clinical risk factors may, in the future, allow a more ef-
fective targeting of treatments to reduce adverse clini-

cal outcomes of obesity.

replication. In addition to plasma protein measurements at baseline
and 12 years, proteins were measured at the 2-year follow-up (exam
2) for 204 of the 234 individuals who had gastric bypass surgery.
Proteins from exam 3 were not measured. All individuals provided
written informed consent, and the study was approved by the
University of Utah Institutional Review Board.

Clinical measurements

The clinical measurements shown in Table 1 were measured or calcu-
lated as previously described (3,12-14). Fat-free mass and fat mass (FM)
were measured by bioimpedance. Resting energy expenditure (REE)
was measured after an overnight fast by indirect calorimetry (TrueOne
2400, ParvoMedics, Sandy, Utah) (12). Clinical biochemistries were ob-
tained after an overnight fast. Diabetes remission at 12 years in indi-
viduals with baseline diabetes, diabetes incidence in individuals without
baseline diabetes, and 10-year risk of coronary heart disease (CHD) as
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TABLE 1 Discovery and replication participant subset characteristics and winsorized variable means and standard deviations (SD)

Variable Discovery Replication

Surgery Nonsurgery Surgery Nonsurgery
Groups (n=137) (n = 66) All (n = 203) (n=97) (n=78) All (n = 175)
Gender (M) 20% 12% 17% 12% 11% 12%
Age (exam 1, y) 46.4 +10.5 471+ 11 46.6 +10.9 40.1 + 10 439 +12.3 41.8 +11.2
BMI (exam 1, kg/m?) 464 +7.1 44.6 + 6.4 458 + 6.9 461+ 6.4 453+75 458 + 6.9
BMI (exam 2, kg/mz; n = 204) 29.7 £5.5(n= NA NA 343+91(n NA NA

137) = 67)

BMI (exam 4, kg/m?) 34.6 +8.0 448 £75 37991 35.0+8.8 45.0+8.9 39.6 +10.2
Diabetes (exam 1, %) 34 38 35 8 32 19
Diabetes (exam 4, %) 17 38 24 7 54 28

Changes in clinical variables (exam 4-exam 1)

FFM (kg) M+ SD -13.4+ 6.7 24 +6.5 -99+84 =13.5+ 7.0 -49+74 -9.8+84
n 127 59 186 91 70 161

FM (kg) M+ SD -22.2+11.5 -2.1+10.3 -15.8 £ 14.5 -21.0+11.6 -1.2+10.1 -12.4 + 14.7
n 127 59 186 91 70 161

BMI (kg/m?) M+ SD -11.5+5.4 -0.2+5.6 -7.8+76 -11.0+5.5 =0.2 +5.3 -6.2+7.6
n 137 66 203 97 78 175

REE (kcal) M+ SD -550 + 238 -301 + 215 -478 + 257 =569 + 260 -325 + 249 -452 + 282
n 79 32 111 50 46 96

AST (U/1) M + SD -0.5+8.1 -2.4+8.5 -11+8.3 -0.5+10.0 -4.0+78 -21+92
n 136 66 202 96 77 173

ALT (U/1) M+ SD -50+11.3 -2.7+13.1 -4.3+11.9 -4.4+15.0 -54+12.8 -4.8 +14.0
n 137 66 203 97 77 174

Uric acid (mg/dL) M+ SD -0.7+1.2 01+13 -04+1.3 -0.8+1.3 -0.2+1.2 -0.6+1.3
n 137 65 202 96 77 173

SBP (mmHg) M+ SD -4.6 +19.1 008 de 2015 -0.1+20.9 -2.0+21.5 8.8 +20.3 2.8 +21.6
n 137 66 203 97 78 175

DBP (mmHg) M+ SD -1.4 +13.9 5.5+14.0 0.8 +14.3 1.1+149 70+ 144 3.7+149
n 137 66 203 97 78 175

Glucose (mg/dL) M+ SD -13.3 + 20.7 -2.5+239 -9.8+223 -7.5+14.0 -1.9+ 259 -5.0+20.3
n 137 66 203 97 78 175

Insulin (pU/mL) M+ SD -10.8 + 11.8 -6.7 +13.9 -9.5+12.6 -11.3+13.0 -6.2+12.8 -91+131
n 137 66 203 97 78 175

HOMA-IR M+ SD -31+34 -20+41 -2.8+37 2.9 +3.5 -1.5+3.9 -2.3+3.7
n 137 66 203 97 78 175

HOMA-B M+ SD 71 + 147 -69 + 177 -70 + 157 -100 + 179 -38 + 166 -73 £ 175
n 133 63 196 96 76 172

HbA, _ (%) M+ SD 0.01 +0.93 0.25 +1.00 0.09 +0.96 0.07 +0.76 0.44 +1.22 0.23+1.01
n 136 66 202 97 78 175

TG (mg/dL) M+ SD -70.6 + 59.8 -24.8 + 56.8 =557 32 625 -73.0 + 67.3 -33.9 + 69.7 -55.6 + 70.9
n 137 66 203 97 78 175

LDL-C (mg/dL) M+ SD -2.9 +£295 264 +29.7 6.6 +32.5 -3.4+30.6 27.8 +28.4 10.5 +33.4
n 137 66 203 97 78 175

HDL-C (mg/dL) M+ SD 13.7 £ 12.6 22+94 10.0 + 12.8 15.6 +13.8 23+90 9.7 +13.6
n 137 66 203 97 78 175

(Continues)
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TABLE 1 (Continued)

Variable Discovery Replication
Surgery Nonsurgery Surgery Nonsurgery

Groups (n=137) (n = 66) All (n = 203) (n=97) (n=78) All (n=175)
FRS (%) M+ SD -23+3 -0.8+2 -1.8+3 -1.0+2 -0.8+2 -09+2

n 137 66 203 97 78 175
DMINC % 0 0 0 3 21 24

n 91 41 132 88 51 139
DMREM % 23 0 23 4 5 9

n 46 25 71 8 25 33

Exam 1: baseline exam; exam 2: exam at 2 years; exam 4: exam at 12 years. Only 204 of the 234 participants who had gastric bypass surgery had

available exam 2 proteomic measurements.

Abbreviations: ALT, alanine aminotransferase; AST, aspartate aminotransferase; DBP, diastolic blood pressure; DMINC, diabetes incidence at 12
years; DMREM, diabetes remission at 12 years; FFM, fat-free mass; FM, fat mass; FRS, Framingham Risk Score for 10-year cardiovascular disease

incidence; HbA, ,

hemoglobin A, ; HDL-C, high-density lipoprotein cholesterol; HOMA-B, homeostatic assessment of insulin secretion; HOMA-IR,

homeostatic assessment of insulin resistance; LDL-C, low-density lipoprotein cholesterol; NA, not measured at exam 2; REE, resting energy

expenditure; SBP, systolic blood pressure; TG, triglycerides.

assessed by the Framingham Risk Score (FRS) were derived. To ensure
that the FRS represented change in CHD risk only due to changes in
the clinical variables and not age, age at exam 4 was used in both the
baseline and 12-year follow-up risk equations. Diabetes was defined
as a fasting glucose of 126 mg/dL or greater or being on antidiabetic
medication. Blood pressure, lipids, and diabetes-related variables that
are affected by antihypertensive, antidiabetic, or lipid medications were
adjusted prior to analysis, as described previously (3). Briefly, individuals
taking medications for each condition had their values changed to the
sex-specific means of untreated individuals with the condition. Analysis
with and without medication adjustment was performed.

Plasma aliquots were stored at -80°C. Prior to assay, the plasma
was thawed, and approximately 70 uL was used for the proteomics
assay. Proteins were measured by a Slow Off-rate Modified Aptamer
(SOMAmer)-based protein array (Somalogic, Boulder, Colorado)
(15). A total of 1,297 proteins were measured and are referred to
by their gene names. Normalization and calibration of protein lev-
els were done using SomaScan proprietary software (Somalogic).
Sample data were normalized to remove hybridization variation
within a run, followed by median normalization across all samples to
remove other assay biases within the run and, finally, calibration to
remove assay differences between runs. Calibrator coefficients of
variation on each plate were calculated; at least 50% of SOMAmer
reagents had to have coefficients of variation less than 0.1, and 95%
had to have coefficients of variation below 0.2. Any flagged sam-
ples by SomaScan software were removed from the analysis. Protein

abundance was calculated as log of the relative fluorescence units.

Statistical methods

Outliers were removed at four standard deviations above or below
the mean value of each protein. Within-individual changes in protein
levels (protein at exam 4 - protein at exam 1) were calculated for all
1,297 proteins. Clinical data were winsorized at 5% to 95% quantiles.

f coefficients from linear regression models were used to test for
protein changes versus surgery status (surgery group compared with
nonsurgery group) or versus BMI changes (exam 4 - exam 1) after ad-
justing for age, sex, and baseline BMI, first in the discovery batch and
then in the replication batch. Additional regression models were run
after adding change in BMI as a covariate when comparing the surgery
and nonsurgery groups. All statistical tests were two-sided tests and
were adjusted for multiple comparisons using the Bonferroni correction.

A functional enrichment analysis was performed in R using the
fgsea (Korotkevich G et al, bioRxiv doi:10.1101/060012) and clus-
terProfiler (16) packages (R Foundation, Vienna, Austria) for gene
set enrichment analysis (GSEA). The analysis was performed using
pathway annotation from human Reactome (version 73; June 2020
release), WikiPathways (July 2020 release), and Kyoto Encyclopedia
of Genes and Genomes (KEGG; July 7, 2020, release) databases. The
full SomaScan panel of proteins was used as the background set of
proteins. GSEA results were filtered for redundant entries based
on semantic similarity between protein groups. UniProt keyword
(October 15, 2019, release) annotations were used for classification
of proteins. Significantly overrepresented diseases were assessed
using the Genetic Association Database (17). Clustering in heat
maps was performed using the complete linkage Euclidean distance
method.

RESULTS

Baseline and 12-year change variables are presented for the discov-
ery and replication subsets in Table 1. For the gastric bypass surgery
group, unadjusted protein means at baseline, 2 years, and 12 years
for all 1,297 proteins are color coded for those that increased or de-
creased over 12 years (Supporting Information Table S1). The unad-
justed protein means at baseline and at the 12-year follow-up in the
comparison nonsurgery group are listed in Supporting Information
Table S2.
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FIGURE 1 (A)Plot of 12-year protein changes’ normalized p values (3/SE B) vs. nominal -log10 p values. Left plot from the surgery vs.
nonsurgery analysis of the combined discovery and replication samples. Right plot from the A BMI (exam 4 — exam 1) analysis. Red color
identifies the 78 replicated and Bonferroni-corrected significant protein changes. (B) Overlap of 71 significant 12-year protein changes
associated with BMI change (blue oval) and 51 associated with gastric bypass surgical status without correcting for change in BMlI in the
model (red oval). Twelve of the fifty-one proteins were still significantly associated with surgery status after correcting for changes in BMI
(purple oval). Four proteins were no longer associated with surgery status after adjusting for BMI changes even though they were not found

to be associated with BMI changes

Long-term effect of surgery and weight loss on the
proteomic profile

Atotal of 58 adjusted protein changes differed between the gastric bypass
surgery and nonsurgery groups in the discovery set at a Bonferroni signifi-
cance level (p < 0.05/1,297 = 3.85 x 10™°), among which 51 were repli-
cated (p < 0.05/58 = 8.6 x 10™%; Figure 1A, Supporting Information Tables
S3-S5 for discovery, replication, and combined analysis, respectively).

Because the 12-year change in weight varied within both the sur-
gery and nonsurgery groups, additional PWAS was conducted to find
the association of 12-year changes in proteins with the quantitative
change in BMI, adjusting for age, sex, and baseline BMI. In the dis-
covery set, 12-year changes in levels of 99 proteins were associated
with changes in BMI (p < 3.85 x 107°). Of these 99 protein changes,
71 were replicated (p < 0.05/99 = 5.1 x 10™%; Figure 1A). Sixty of the
seventy-one identified proteins increased as BMI decreased over
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the 12 years, including insulinlike growth factor binding protein 2
(IGFBP2); apolipoprotein M (APOM); and adiponectin, C1Q and col-
lagen domain containing (ADIPOQ); whereas 11 proteins decreased,
including leptin (LEP), C-reactive protein (CRP), growth hormone re-
ceptor (GHR), afamin (AFM), and myeloperoxidase (MPO; Figure 1A).

Combining the significant results from the two PWAS analy-
ses (Figure 1B), 78 long-term protein changes were associated with
change in BMI (n = 71) or between surgery and nonsurgery groups
(n = 51). All but seven protein changes that were significantly dif-
ferent between surgery groups were also associated with change in
BMI (Figure 1B). Therefore, the protein change differences between
groups were further adjusted for change in BMI to see whether
some proteins changed independently of BMI change. Twelve of
the fifty-one replicated protein changes that were significantly as-
sociated with surgery/nonsurgery status remained significantly as-
sociated with surgery status even after further adjustment for BMI
change (Figure 1B).

Short- versus long-term effect of surgery and weight
loss on the proteomic profile

Short-term protein change associations with BMI change were main-
tained in the long term (Figure 2A, Supporting Information Tables
S6 and S7). There was a strong correlation of the 12-year follow-up
versus the 2-year follow-up standardized B coefficients (B/SE) asso-
ciated with the p values shown in Figure 2A for the 71 proteins (r =
0.93).

All protein changes except regenerating family member 4 (REG4)
had the same direction of association with BMI change during
weight-loss (exam 2 - exam 1) and weight-regain (exam 4 - exam 2)
time periods (Supporting Information Table Sé). If the protein change
was positively associated with BMI change from exam 1 to 2 (both
decreased over time), it was positively associated from exam 2 to
4 (both increased). If the protein change was inversely associated
from exam 1 to 2 (BMI decreased but the protein increased), the
protein change was inversely associated with BMI change from exam
2 to 4 (BMI increased but the protein decreased). Therefore, pro-
tein changes consistently reflected both BMI decreases and BMI
increases.

In addition to the consistent direction of the association of pro-
tein changes with BMI change, the amount of protein change per
unit of BMI change was assessed to see whether the period of rapid
weight loss had a differing effect on a protein than the period of slow
weight regain. All but 16 proteins had a protein change per unit of
BMI change during weight regain that was within 50% (0.5 = ratio of
B coefficients < 1.5) of the change per unit of BMI during weight loss
(Figure 2B, Supporting Information Table Sé). Proteins that changed
more per unit of BMI change during weight loss than weight regain
included leptin receptor (LEPR), insulinlike growth factor binding
protein 1 (IGFBP1), APOM, and three serpin proteins. Only four pro-
teins had greater than a 50% change per unit of BMI change during
the weight-regain period than the weight-loss period.

Individuals who regained less than 10% of their baseline presur-
gical weight from exam 2 to exam 4 were compared with individuals
who regained more than 10% of their baseline weight (18). Six pro-
teins were significantly associated with weight regain versus weight
maintenance (p < 0.05/1,297; Supporting Information Figure S1,
Supporting Information Table S8). LEP and amyloid P component,
serum (APCS) were higher at exam 4 in those who regained more
than 10% of their baseline weight, whereas IGFBP2; WAP, follista-
tin/kazal, immunoglobulin, kunitz and netrin domain containing 2
(WFIKKNZ2); HtrA serine peptidase 2 (HTRA2); and sex hormone
binding globulin (SHBG) were lower. The clinical characteristics of
the two groups are presented in Supporting Information Table S9.

Clinical variable associations with the proteome

A heat map of the regression p-coefficients and the cluster patterns
of the 71 protein and 20 clinical variable 12-year changes showed
the strongest protein associations with lipids (58 proteins with
high-density lipoprotein cholesterol [HDL-C], 47 with low-density
lipoprotein cholesterol [LDL-C], and 44 with triglycerides [TG]),
REE (36 proteins), and uric acid (23 proteins; Figure 3, Supporting
Information Table S10). Surprisingly few associations were seen with
variables in the glucose/insulin pathways (fasting glucose with 8; in-
sulin, homeostatic assessment of insulin resistance, and homeostatic
assessment of insulin secretion with O; hemoglobin A, [HbA, | with
4, which included ADIPOQ and SHBG; or blood pressure [systolic
blood pressure with 4, which included APOM, and diastolic blood
pressure with 1, which included AFM]). Eight protein changes were
associated with 12-year remission of diabetes (including APOM,
ADIPOQ, and SHBG), and eight proteins increased when BMI de-
creased and were associated with a decreased 10-year risk of CHD
(Supporting Information Table S10).

Because so few glucose metabolism-related proteins were
found among the protein changes that were related to BMI change,
a PWAS analysis was done for all 1,297 proteins in the surgical
group (Supporting Information Figure S2, Supporting Information
Table S11). Longitudinal changes in glucose, insulin, homeostatic
assessment of insulin resistance, homeostatic assessment of insu-

lin secretion, HbA, , and blood pressure still did not show highly

100
significant associations with protein changes. The strongest as-
sociations of non-BMl-related protein changes were with liver
function (particularly protein cluster 3; Supporting Information
Figure S2). HDL-C change was associated with ADIPOQ, APOM,
WFIKKN2, ghrelin and obestatin prepropeptide (GHRL), SHBG,
sonic hedgehog signaling molecule (SHH), and complement C3
(C3). Lower TG were associated with lower AFM, GHR, apolipo-
protein A1 (APOAZ1), apolipoprotein E (APOE), cysteine rich with
EGF like domains 1 (CRELD1), and crystallin zeta like 1 (CRYZL1)
and with higher tissue inhibitor of metallopeptidase inhibitor 2
(TIMP2). All significant proteins remained significant after repeat-
ing the analyses without adjusting the clinical variables for med-

ication use.



PROTEOMIC CHANGES AFTER GASTRIC BYPASS SURGERY

OEsiry -WI ]_Eyﬁ

Obesity [o)

SOCIETY

25
=
g
® 20
(]
.
o~
LEP
£ 15 ADIPOQ Py
2 °
I ESM1 IGFBP2
v [ )
=) 10 LEPR"  IGFBP1 SHB! APOM .
g ® o !o
a (L WFIKKN2
o 5 GHRL o
-
an L J °
ie) NCAM1
0 CRP
0 5 10 15 20 25
-log10 p-value (exam 4- exam 1)
3.0
r °
r °
L °®
F [ )
20 f ..°
L °®
Sl
< v
= - co00e®®’
k] N e00®
<) L 000®
e000
~1.0 .o 2900
— L o000
by r eoeoee®
o C LYY Y L]
—~— L ..
© -
] L
@0 [ e
[ o
0.0 |o°
[N X <0om0na o NNUNA HNINNNHL N =X HCONNHOQHE Z=S 0. OHNGO—H—IOFEZS U ——na — s oc
WSO =MNOSINOSEZAIN—ZaEOTO—EENEY A Tard Ot Emzﬁ<\.uu_mu.l§u-mom411—<n_¥m SLooazscuLza
= ZESSNE0S20Sm0L I0—r o o b TYa 500X IS ZNok oS 20— 2L JQT TS ¥F02S Azor a2z W
=Zz<200z0% D=, HAsSLOVHan =<<O<, OREICTOFETCo0S Vau2CEiEcr==tn
e $O=307 Fosge™ SEZof 07 ZeZ 00z gno=8" "< 2550588
- w o = w i
[ & Q * K
-1.0 -

FIGURE 2 (A) Comparison of —log10 p values from the association of short-term (exam 2 - exam 1) vs. long-term (exam 4 - exam 1)
protein change associations with BMI change for all 1,297 proteins in the combined discovery and replication groups. Red dots indicate the
71 replicated proteins for BMI change. (B) Patterns of protein changes per unit of BMI change after substantial weight loss (exam 2 - exam
1) and after some weight regain (exam 4 - exam 2) obtained from the surgery group (N = 204 who have measurements at all three time
points) for the 78 proteins in Figure 1. Ratio of p coefficients derived from the regression of the protein change on BMI change for the 2-year
follow-up (exam 2 - exam 1; B, ,) divided by the p coefficient using changes from the subsequent 10 years of follow-up (exam 4 - exam

2, B,.,). Ratios greater than one suggest greater protein change per unit of BMI change during the weight-loss period compared with the
weight-gain period. Ratios less than one suggest greater protein changes per unit of BMI change in the weight-gain period compared with
the weight-loss period. Proteins shown in red increased with increasing BMI and proteins in black decreased with increasing BMI. Blue lines
represent +50% increase or decrease in the ratio. FCN2, with a ratio of 5.0, is not shown to improve the readability of the figure. Serpin
family A member 4 (SERPINA4) and cadherin 1 (CDH1) had greater changes during weight loss but also had negative ratios of -7.0 and -4.8,
respectively, indicating that the protein change association with BMI change did not reverse from the weight-loss to the weight-gain period,
as did the other proteins (points not shown). The B coefficients used in the ratios can be found in Supporting Information Table Sé

Pathway analysis

Overexpressed pathways using GSEA on all 78 proteins in Figure 1
were identified using the SomaScan panel (Somalogic) of proteins
as background (Table 2). Pathways overrepresented by the pro-
teins altered after weight loss through bariatric surgery involved
inflammation, cellular growth, and apoptosis. These pathways were
represented by the interleukins, mitogen-activated protein kinase

(MAPK) signaling proteins, immune/complement system proteins,
adipogenesis, and insulinlike growth-related proteins. CRP, repre-
senting acute-phase inflammation, was limited to the complement
pathway. In addition to identifying overexpressed pathways, there
were six diseases that were overrepresented by the significant pro-
tein changes (Supporting Information Table $12). These diseases or
conditions included bone mineral density, obesity/weight, metabolic
syndrome, and diabetes.
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FIGURE 3 Heat map of clinical variable associations with the 71 protein changes that were associated with change in BMI from a
regression model using combined surgery and nonsurgery groups. Colors represent (sign[f] x [-1]log10[p value]). Significance level is
Bonferroni-corrected p value (p < 0.05/71/20 = 3.5 x 10™°) for 71 proteins and 20 clinical variables. Red indicates high significance with
negative B (the protein increases with a decrease in the clinical variable), and blue indicates high significance with positive

Pathways were also defined using only the surgery subset of in- involved BMI and HDL-C. HDL-C was overexpressed primarily in the
dividuals and GSEA (Figure 4). The pathways with the greatest num- inflammation (interleukin signaling) and the immune (cytokine sig-
ber of significant clinical variable associations with protein changes naling) pathways.
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TABLE 2 Top differential pathways identified by GSEA of genes identified to be associated with quantitative BMI change or surgery

group status differences

Overlap (BMI change;
Pathway surgery group)
128/201; 135/201
16/31; 17/31

24/41; 17/41

Signaling by interleukins
Adipogenesis

Cell adhesion molecules

Cytokine signaling in immune system 194/314; 189/314

71/98; 60/98
26/57;25/57

MAPK family signaling cascades

Regulation of IGF transport and uptake by
IGFBPs

7/12;7/12
12/33; 16/33

Synthesis of GPl-anchored proteins

Complement cascade

IL4 and IL13 signaling 43/64; 45/64

p value (BMI
change; surgery Proteins from BMI change or surgery group
group) comparisons in each pathway

7.91e-05; 4.97e-04
2.35e-03; 9.33e-03
4.67e-03; 1.63e-02

CCL11, IL1R1, IL23R, CNTFR, IL17RB
LEP, ADIPOQ, CNTFR

NCAM1, CDH1, CNTN1, NEGR1,
PDCD1LG2

NCAM1, CCL11, MET, GHR, IL1R1,
TNFRSF17, PSPN, KIT, IL23R, CNTFR,
IL17RB

NCAM1, MET, PSPN, KIT

IGFBP2, IGFBP1, SERPINC1, SPP1,
SERPIND1

LSAMP, CNTN4, NEGR1, CD109

CRP, C5a, SERPING1, FCN2, C5, C5b/6
complex

CCL11, IL23R

5.19e-03; 1.87e-02

6.36e-03; 1.73e-02

6.83e-03; 2.41e-02

8.81e-03; 2.52e-02
1.44e-02; 3.38e-03

1.76e-02; 1.45e-03

Protein examples for each pathway are shown only if the protein was among the 78 Bonferroni significant proteins according to Figure 1.

Abbreviations: GPI, glucose-6-phosphate isomerase; GSEA, gene set enrichment analysis; IGF, insulinlike growth factor; IGFBP, IGF binding protein;

IL, interleukin; MAPK, mitogen-activated protein kinase.

Finally, KEGG Brite pathway-based Voronoi treemaps were also
created for 950 out of the 1,297 panel proteins that could be as-
signed to a specific KEGG Brite level. Supporting Information Figure
S3A-S3C (which can be enlarged to see more detail in any section
of the panels) shows the -log10 p value for categories, pathways
within categories, and proteins within pathways, respectively, asso-
ciated with BMI change. BMI change was strongly associated with
the janus kinase and signal transducer and activator of transcription
(JAK-STAT) signaling pathway (panel B) within the signal transduc-
tion category (panel A). Changes in LEP, LEPR, GHR, and interleu-
kin-19 (IL19) were the primary signal transduction pathway proteins.
Change in BMI was also related to the complement and coagulation
cascades, with complement C7 (C7), complement factor B (CFB), and
complement factor | (CFl) being the primary proteins. The peroxi-
some proliferator activated receptor (PPAR) signaling pathway was
represented by ADIPOQ. In particular, the HDL-C f coefficients
showed pathway and protein associations very similar to those seen
for BMI (Supporting Information Figure S3B-S3C).

DISCUSSION

As bariatric surgery results in substantial long-term weight loss, iden-
tifying the underlying reasons for risk factor improvements after this
large weight loss may make it possible to develop better interven-
tions for patients with severe obesity without the need for major
surgery and bariatric surgery’s required lifelong lifestyle changes.
The large sample size and long follow-up period of this study al-
lowed us to test whether the short-term protein changes observed
in this study and previous studies are maintained long term, which is

essential prior to pursuit of efforts to mimic the positive effects of
these protein changes.

One of the major findings of this study of 378 individuals is
that protein changes following gastric bypass surgery were du-
rable 12 years post surgery, despite some weight regain. The
majority of the protein changes were significant within 2 years
of surgery after weight loss, and the changes reversed direction
after the first 2 years according to the amount of weight regain
during the following 10 years. These important results support
the clinical data that the health benefits of gastric bypass surgery
occur soon after the surgery rather than following a significant
period of time but, nevertheless, they are maintained in the long
term.

Another important finding is that most of the changes in pro-
teins were associated with change in BMI per se and not BMI-
independent pathways induced by the surgical rerouting of the
intestine. Furthermore, most proteins changed approximately the
same per unit of BMI change, regardless of whether weight was lost
or weight was regained. These paired within-person results strongly
support the involvement of BMI change with these protein changes,
confirming proteins previously implicated with obesity, including
LEP, SHBG, ADIPOQ, GHRL, WFIKKN2, IGFBP1, and IGFBP2 (19-
21). Larger protein changes during rapid weight loss compared with
slower weight-regain periods were seen for several proteins, sug-
gesting either BMI-independent or pleiotropic mechanisms involv-
ing these proteins were activated during rapid weight loss. Although
many known obesity-related proteins were confirmed to be related
to long-term weight loss, proteins not established as obesity-related
proteins were also identified, such as neural cell adhesion molecule
1 (NCAM1).



PROTEOMIC CHANGES AFTER GASTRIC BYPASS SURGERY

138 H
ERWIIaE Obesity [of

Mitotic cell cycle 4

Hemostasis o

TNF alpha signaling pathway -

IL-3, IL-5 and GM-CSF signaling

Kit receptor signaling pathway -

Platelet activation, signaling and aggregation A
IL-2 signaling pathway -

JAK-STAT signaling after IL-12 stimulation -
Biosynthesis of amino acids

Glycolysis and gluconeogenesis -
VEGFA-VEGFR2 signaling pathway -

Fibrin clot formation 4@ ¢

B cell receptor signaling pathway

Signaling by interleukins A

Negative regulation of FGFR2 signaling A
Senescence-sssociated secretory phenotype A
Metabolic pathways -

Allograft Rejection 1 @

Complement and coagulation cascades 4 @
L
©

Pathway

Cytokines and inflammatory response A
Class A/1 (Rhodopsin-like receptors) 4
Insulin signaling A

RHO GTPase effectors -

Fcgamma receptor (FCGR) dependent phagocytosis A
Interleukin-12 signaling A

Transcriptional regulation by RUNX2
TSLP signaling pathway -

Synthesis of GPl-anchored proteins4
Innate immune system A

Peptide ligand-binding receptors 4 @
Endocytosis

Cellular senescence A

Cytokine signaling in Immune system - .
PTEN regulation o

Negative regulation of FGFR4 signaling A
Glycosaminoglycan metabolism o

p38 MAPK signaling pathway -

(@ B)
Qo
@
20
©
@
°®
°l n
g @ 50
\ @ 100
2 g o~
®
L
@
® BMI
O
® FM
FRS
pos O
O ® HDL-C
@®
oo © TG
o ALT
o
@ AST
‘ @ Glucose

2 -1 0 1

N8 @ e .'

Normalized Enrichment Score

FIGURE 4 Dot plot from gene set enrichment analysis showing enriched pathways defined by the protein associations with clinical
variables. Normalized enrichment score (x-axis) indicates the distribution of pathway proteins using sign([p] x [-log,,(p value)]) from the
regression of protein changes with the clinical variable changes. The size of this core-enriched set is visualized by the size of the dots.

Pathway enrichment cutoff for plotting is p < 0.022

Finally, the majority of protein changes that were significantly associ-
ated with BMI change were related to changes in lipid levels as opposed
to blood pressure, liver function, or glucose- and insulin-associated vari-
ables. Prior studies have shown that HDL-C had the largest and most
consistent but, at the time unexplained, increase after gastric bypass
surgery of all the clinical variables measured (3,22). The current study
expands the previous findings by suggesting APOM, ghrelin, and SHH
(cholesterol transferase activity in the endoplasmic reticulum) were sig-
nificantly related to HDL-C and the lipoprotein pathway (Supporting
Information Figure S2B) and that they may be part of the underlying
reason for the sustained 12-year postsurgical elevation of HDL-C.

At least three of the eight proteins related to 12-year remis-
sion of diabetes were known obesity- and diabetes-related pro-
teins, including SHBG, ADIPOQ, and possibly APOM. However,
of the eight proteins associated with fasting glucose, only MIA
SH3 domain containing (MIA), related to the secretion of lipo-
proteins, pre-chylomicrons, and pre-very-low-density lipopro-
teins from the endoplasm (UniProt Knowledgebase, accessed
December 23, 2020), had functions considered to be in a dia-
betes pathway. Therefore, the proteins associated with diabetes
remission do not seem to be directly related to plasma glucose or

insulin changes.
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Specific protein decreases after gastric
bypass surgery

Of the 78 proteins identified, 11 proteins decreased in accordance
with their known functions. Decreasing LEP is highly correlated with
weight loss (23). Weight loss is known to reduce inflammation in ac-
cordance with the reduction in CRP, C5.1, and MPO observed in our
study. As tissue growth is being opposed by reduced calorie intake
and intestinal reabsorption of nutrients, there is less need for GHR,
which decreased. AFM decreased, confirming previous findings of
higher levels of AFM associated with increased weight, the meta-
bolic syndrome (24), and diabetes incidence (25). APCS is thought to
bind to and remove apoptotic cells and it was greatly decreased at
2 years after most of the large tissue losses during the first 2 years
stabilized. Ficolin 2 (FCN2) is involved with innate immunity and
the lectin complement pathway and it dramatically changed during
weight loss. The complement system has been previously shown to
be altered after gastric bypass surgery (8,26).

Specific protein increases after gastric bypass surgery

Proteins with the most significant increases with decreasing BMI in-
cluded IGFBP1, IGFBP2, ADIPOQ, and APOM. IGFBP1 and IGFBP2
are insulinlike growth factor binding proteins, and higher levels
have been associated with reduced glucose intolerance, blood pres-
sure, or nonalcoholic fatty liver disease in multiple cross-sectional
or short-term intervention studies (8,27-32). ADIPOQ has multiple
beneficial functions, including improvement in most components of
the metabolic syndrome as well as reducing diabetes and athero-
sclerosis (33).

APOM is a component of HDL and it is thought to be responsible
for the anti-inflammatory effects of HDL. The higher levels of APOM
after bariatric surgery correspond to the reduced inflammation pres-
ent after weight loss (34), which is also supported by a significant as-
sociation of APOM with remission of diabetes. Because denser HDL
particles are the primary carriers of APOM, one might also expect a
shift to more dense HDL particles with increasing APOM after sur-
gery. However, the significant increase in cholesterol content in the
HDL particle along with lower APOA1 (32) at follow-up (Supporting
Information Table S1) suggests that the particles were less dense.

Clinical variable associations with protein changes

HDL-C was clearly the mostly strongly associated clinical variable
associated with the 71 protein changes that were associated with
BMI change over 12 years (Figure 3). HDL-C increased by approxi-
mately 25% 2 years after surgery, an increase that was maintained
throughout the 12-year follow-up period despite weight regain and
that was larger than any other clinical change (3). HDL-C has a strong
positive association with SHBG even after adjusting for multiple car-
diovascular risk factors (35). Polymorphisms in the SHBG gene have

Obesity [lo } HRVGTE L

been associated with abundance of the SHBG protein, HDL-C, dia-
betes, and CHD (35-37). SHBG was tightly clustered with IGFBP2,
suggesting additional effects beyond HDL-C (31). Additionally, de-
creases in AFM and APOE (associated with decreased TG) and in-
creases in ADIPOQ and APOM (associated with increased HDL-C)
after surgery suggest that these proteins may be responsible for
the sustained large increase in HDL-C. ADIPOQ, APOM, and SHBG
were also associated with 12-year diabetes remission, but not with
HbA, , glucose, or insulin.

The direction of the clinical variable associations suggests that
CHD risk should be lowered (38) 12 years after surgery. Seven of
the eight protein increases that were related to decreased CHD risk
had significant positive associations with HDL-C and negative asso-
ciations with LDL-C. All eight protein increases were also associated

with the decreased REE that accompanied BMI decreases.

Pathways

The gene set and Voronoi treemap pathway analyses replicated sev-
eral pathways associated with weight loss and obesity (20,32). Major
pathways associated with BMI were related to lipid metabolism, adi-
pose tissue functionality, inflammation, cell adhesion, immunity, and
coagulation. Reduced inflammation appeared to be a primary benefit
of protein changes associated with weight loss and gastric bypass
surgery, as suggested by the overexpression of protein changes in
the pathways involving signaling by interleukins and cytokine sign-
aling in the immune system. These pathways coincided with the
overexpressed HDL-C pathways, supporting the anti-inflammatory
functions of elevated HDL-C. The cytokine signaling pathway con-
tains several interleukins and adipocytokines, and adipose tissue
colonization by proinflammatory macrophages and macrophage-
derived factors such as tumor necrosis factor a (TNF-a) and IL-p are
hallmarks of obesity (39,40).

Voronoi treemaps implicated the protein kinase AMP-activated
catalytic subunit « 2 (AMPK) pathway, which regulates cellular en-
ergy stores and preservation of ATP and which is activated by leptin
and adiponectin (41,42), both of which had significant changes in
this study. The pathway is involved with inhibition of gluconeogen-
esis and lipid and protein synthesis. Another pathway, JAK-STAT,
can be activated by cytokines (43) and leptin, and functions include
regulating cellular division and inflammation processes and proper
adipose function. A third pathway, the phosphatidylinositol-4,5-
bisphosphate 3-kinase (PIK3)-AKT-RAS pathway, influences cell
survival and growth, is involved with lipid phosphorylation, and has
been associated with diabetes (44).

Proteomic studies with 12-year follow-up or even 5-year fol-
low-up have not been reported, to our knowledge, but many of
the proteins identified replicated those found in a short-term
weight-gain and weight-loss study (20). In that study, coagulation,
complement, and inflammation proteins were in primary pathways
involved with weight gain and were reversed with weight loss, sim-

ilar to our long-term study. Findings in a study of 47 individuals (19
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of whom were followed at least 2 years) who had gastric bypass
surgery were also similar, with apolipoproteins in particular (in-
cluding APOM) having the most significant changes, along with
complement and inflammation pathways (8). A very low-calorie
diet intervention study of 43 individuals found strong apolipopro-
tein associations at 1 year (19).

CONCLUSION

Long-term weight loss after gastric bypass surgery resulted in sus-
tained protein changes despite some weight regain occurring over
the 12 years. Most protein changes found associated with BMI
change in the discovery sample were replicated in a second sample,
although an external long-term replication cohort would have been
preferred. The reversal of direction of protein changes after weight
loss when weight was partially regained suggests the findings were
robust.

Most protein changes were related to change in BMI rather than
non-weight-related long-term surgical effects, suggesting that the
beneficial changes of these proteins might be obtained by other
methods of weight loss besides bariatric surgery. The direction of
the protein and clinical variable changes was consistent with the
health benefits and decreased mortality observed after bariatric sur-
gery. These BMl-associated protein changes were associated with
lipid-related proteins (primarily HDL-C), greater diabetes remission,
and pathways that control inflammation, energy conservation, cell
replication and apoptosis, and adipocyte function. The non-BMI-
related protein changes were related to coagulation and organismal
injury pathways.

Mechanisms responsible for sustained higher HDL-C after gas-
tric bypass surgery; the nature of HDL-C's anti-inflammatory func-
tions; the related protein increases of APOM, SHH, and GHRL in the
lipoprotein pathway; and decreases in C3 in multiple pathways need
to be clarified in future studies. Known obesity-related proteins that
change 1 to 2 years after bariatric surgery remain changed 12 years
after surgery, including LEP, ADIPOQ, SHBG, IGFBP1, IGFBP2,
WFIKKN2, and AFM.O
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