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Abstract

Objective: HbA1c is an insensitive marker for assessing real-time dysglycemia in
obesity. This study investigated whether 1-h plasma glucose level (1-h PG)
>155 mg/dL (8.6 mmol/L) during an oral glucose tolerance test (OGTT) and
continuous glucose monitoring (CGM) measurement of glucose variability (GV)
better reflected dysglycemia than HbAlc after weight loss from metabolic and
bariatric surgery.

Methods: This was a prospective cohort study of 10 participants with type 2
diabetes compared with 11 participants with non-diabetes undergoing sleeve gas-
trectomy (SG). At each research visit; before SG, and 6 weeks and 6 months post-
SG, body weight, fasting lipid levels, and PG and insulin concentrations during an
OGTT were analyzed. Mean amplitude of glycemic excursions (MAGE), a CGM-
derived GV index, was analyzed.

Results: The 1-h PG correlated with insulin resistance markers, triglyceride/HDL
ratio and triglyceride glucose index in both groups before surgery. At 6 months, SG
caused 22% weight loss in both groups. Despite a reduction in HbA1c by 3.0 + 1.3%
in the diabetes group (p < 0.01), 1-h PG, and MAGE remained elevated, and the oral
disposition index, which represents pancreatic -cell function, remained reduced in
the diabetes group when compared to the non-diabetes group.

Conclusions: Elevation of GV markers and reduced disposition index following SG-
induced weight loss in the diabetes group underscores persistent §-cell dysfunction

and the potential residual risk of diabetes complications.
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1 | INTRODUCTION

Obesity leads to increased risk of diabetes and its complications such
as cardiovascular disease (CVD). HbA1c is commonly used to screen
for prediabetes (defined as 5.7%-6.4% [39-46 mmol/mol]) and type 2
diabetes (defined as >6.5% [48 mmol/mol]).! The measurement of
HbA1c does not require fasting, capture hyperglycemia over several
weeks, and has pre-analytical stability. However, HbAl1c has poor
sensitivity for identifying early dysglycemia.? It does not provide a
clear picture of day-to-day glucose patterns during real life settings,
especially postprandial glycemia, and is insensitive for the identifi-
cation of early insulin resistance and B-cell dysfunction.® Variables
such as age, race, anemia, chronic kidney disease, and hemoglobin
variants can falsely elevate or lower HbA1c® Thus, additional
markers are needed to identify dysglycemia, especially after meta-
bolic and bariatric surgery. As 30%-50% of patients who initially
have diabetes remission have diabetes recurrence 3-15 years after
metabolic and bariatric surgery,* identification of dysglycemia would
allow for earlier intervention.

An emerging marker for glycemic status in lieu of HbA1lc is
glycemic variability (GV), which represents daily fluctuations in
glucose. GV is associated with inflammation as well as mortality in
diabetes.”> Continuous glucose monitoring (CGM) was recently
deployed to evaluate type 2 diabetes glycemic concentrations
following sleeve gastrectomy (SG), but few studies have evaluated
such changes in normoglycemic obesity.® Whether GV can be an
alternative to HbA1c for assessing glycemic status, after metabolic
and bariatric surgery, is unclear. Identifying dysglycemia after
metabolic and bariatric surgery allows for earlier prescription of
lifestyle modification or medications to lower glucose concentra-
tions and to modify CVD risk factors.””?

A 1-h plasma glucose (1-h PG) >155 mg/dL (8.6 mmol/L)
during an oral glucose tolerance test (OGTT) is more predictive
than HbA1c or 2-h PG for future development of diabetes, CVD,
and mortality.>°"12 Another alternative approach for detecting
dysglycemia is the implementation of CGM to identify increased
GV. Elevated GV indices such as mean amplitude of glycemic ex-
cursions (MAGE), calculated from CGM-derived interstitial glucose
concentrations, are potential surrogate markers for early pancre-
atic B-cell dysfunction.*>* In a previous study, both 1-h PG during
the OGTT and CGM-derived GV indices identified individuals with
dysglycemia despite having normal HbA1c.®® In addition, both 1-h
PG and CGM during an OGTT can detect elevated GV not
captured by HbA1lc.

This prospective longitudinal cohort study aimed to examine GV
in individuals with and without diabetes, and assess the effects of
laparoscopic SG on glycemic status during acute weight loss at
6 weeks (W) and chronic weight loss at 6-month (M) post-SG by
measuring: (1) 1-h PG during an OGTT, and (2) CGM-derived GV
index: MAGE. Also, this study determined whether 1h-PG correlated
with insulin resistance markers-Homeostatic Model Assessment of
Insulin Resistance (HOMA-IR), triglyceride/high-density lipoprotein

(HDL) ratio, and triglyceride glucose index before and after surgery.

Finally, the hypothesis that weight loss from SG would be less im-
pactful in reducing GV than with HbA1c in individuals with diabetes
was examined.

2 | METHODS

This study is a prospective longitudinal cohort study that enrolled
participants with obesity between 2017 and 2020, who were eligible
for SG, at NYU Langone Health and Bellevue Hospital. Informed
consent was obtained from each participant before the start of the
study. The inclusion criteria included age 18-75 years old and can-
didates for SG. Participants with HbAlc <5.7% (39 mmol/mol) with
no history of diabetes or not on any glucose lowering medication
were assigned to the non-diabetes group. Participants with non-
insulin - dependent diabetes and HbA1c > 6.5% were in the diabetes
group. Exclusion criteria included a history of CVD and stroke. Par-
ticipants who were taking insulin were also excluded. Other exclusion

criteria are listed in Table S1.

2.1 | Study protocol

2.1.1 | Visits

Participants underwent a baseline metabolic evaluation before sur-
gery, including clinical evaluation, OGTT, and CGM placement.
Recruitment and retention details are presented in Figure 1. Subse-
quent to SG, the same metabolic evaluations occurred at 6W during

active weight loss, as well as at 6M during chronic weight loss.

2.1.2 | Anthropomorphic measurements

Body weight was measured using a digital bariatric scale (Scale-
Tronix®, Welch Allyn. 5202-X) after shoes and heavy outer clothing
were removed. Height was measured to the nearest 0.25 inch using a
standard height bar. Body mass index (BMI) was calculated as weight
(kg)/height (m?).

2.1.3 | Glycemic analysis
Prediabetes was defined by HbAlc 5.7%-6.4% (3-46 mmol/mol),
impaired fasting glucose (100-125 mg/dL [5.6-6.9 mmol/L]) and/or
impaired glucose tolerance (2-h PG 140-199 mg/dL [7.8-11.0 mmol/
L]). In addition to HbA1c, GV and response to a standard glycemic
load were assessed. A 2-h, 75-g OGTT was performed at baseline,
6W, and 6M. After an overnight fast for 8-12 h, PG and insulin
concentrations were drawn fasting for 1 and 2 h. The glucose area
under the curve (AUC) was calculated using the trapezoid method.*®
Abbott Freestyle Libre Pro CGM (Abbott Park) was placed on the

back of the arm at each visit. Participants were instructed to wear
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FIGURE 1 Clinical research recruitment

flowchart.

| Screened for Eligibility (n =2542)

Baseline (n=35)
Before SG

« Weight measurement
* Blood Draw

* OGTT

* CGM

Excluded (2508)

»| « Changed surgery’
* Prediabetes

A 4

Early Weight Loss (n=21)
6 weeks after SG

* Weight measurement

* Blood Draw

« OGTT

« CGM

A 4

Stable Weight Loss (n=21)
6 months after SG
* Weight measurement

A 4

Lost to follow-up (14)

* Blood Draw
« OGTT
« CGM

the CGM for a 14-day period and continue their usual activities,
including dietary and exercise regimens. CGM interstitial glucose
concentrations were analyzed. GV index, MAGE, and other GV
indices were calculated from CGM interstitial glucose using
EasyGV®© software (University of Oxford, www.easygv.co.uk) and

calculations were previously described.'”

2.1.4 | Insulin resistance and sensitivity analysis

Homeostatic Model Assessment of Insulin Resistance was analyzed
to approximate insulin resistance, Matsuda index to represent whole
body insulin sensitivity, and oral disposition index that measures
B-cell compensation for insulin resistance.'® These values were
calculated from PG and insulin values obtained during a 75-g 2-h
OGTT, during times 0, 30, 60, 90, and 120 min. HOMA-IR, Mat-
suda index, and oral disposition index values were obtained from an
online calculator at: http://mmatsuda.diabetes-smc.jp/MIndex.html.

2.2 | Statistics

Baseline and post-SG 6W and 6M data were compared using
repeated measures analyses of variance to measure changes in data
over time. For repeated measures analyses, Sphericity Assumed
measurements were used. If the assumption of sphericity was
violated with a p value <0.05, Greenhouse-Geisser correction was
used. Bonferroni adjustment was applied for post-hoc pairwise
comparisons and to account for multiple comparisons. Chi-square
tests were used to compare categorical variables between groups.

Spearman correlation was used to measure associations between the

two variables. Groups were compared using independent two-tailed
t-tests. Data are reported as mean & SD unless otherwise stated.
Statistical analyses were conducted using SPSS version 28.0 (IBM
SPSS Statistics), with alpha concentration set at p < 0.05 and
GraphPad (9.4.1 for Windows, GraphPad Software) for graphs.

The NYU Langone Health Institutional Board Review approved
the bariatric cohort protocol and related sub-studies under number
s16-01995.

3 | RESULTS

3.1 | Weight reduction was equivalent between the
non-diabetes and diabetes group following SG

The baseline characteristics of the 21 participants are shown in
Table 1. There were 11 participants in the non-diabetes group and 10
participants in the diabetes group. The proportion of participants
who were male and taking antihypertensive medications did not
differ between the non-diabetes and diabetes groups. The number of
participants and ethnic breakdown was similar between the two
groups.

The magnitude of weight loss from SG in each group was
compared. After 6M, in most series, the average weight loss is 20%-
30%.'? There were no significant differences between BMI at base-
line and weight loss percentage between both groups at 6W and 6M
(Figure 2A and Table 2). In the non-diabetes group, mean weight
decreased by 22 + 9.4% and BMI by 9 =+ 2.0 kg/m? (Figure 2A) at 6M
from baseline. The weight in the diabetes group at 6M decreased by
22 + 5% and BMI by 8.9 + 2.0 kg/m? from baseline. In summary, 22%

weight loss from baseline to 6M was equivalent in both groups.
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TABLE 1 Baseline characteristics.

Non-diabetes group (n = 11) Diabetes group (n = 10)

Age, years 40 + 12
Ethnicity, n (%)

Hispanic 5 (45.5)

White 3(27.3)

Black 3(27.3)
Sex, n (%)

Male, n (%) 3(27.3)
Antihypertensive medication, n (%) 4 (33)
Lipid lowering medication, n (%) 0 (0)
Aspirin, n (%) 2 (18)?

49 +8

5 (50)
3 (30)
1 (10)

5 (50)
6 (60)
4 (40)
0 (0)

Note: Age was compared using an independent t-test, and there were no statistical group differences
in age. The between proportions of all other variable were compared using Chi-squared tests.

2Aspirin was held 3 days before phlebotomy.

*p < 0.05; comparing non-diabetes group with diabetes group proportions (Chi-squared test).
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FIGURE 2 Weight reduction is equivalent between both non-diabetes and diabetes groups after SG, but glycemic variability remains
elevated in the diabetes group. Trends for (A) BMI, (B) hemoglobin Alc changes at 6W and 6M, in both the non-diabetes and diabetes groups,
(C) glucose AUC, and (D) 1-h plasma glucose during an OGTT, and (E) mean MAGE levels. Blue circles: non-diabetic, red squares: diabetes. In
(A-D), n = 10 diabetes participants and n = 11 in the non-diabetic participants. In (E), n = 9 diabetes participants, and n = 9 non-diabetes
participants (missing data). Error bars: Mean 4 SEM. Significant differences compared to baseline *p < 0.05, **p < 0.01, ***p < 0.001. Asterisks:
blue—non-diabetic group, post-hoc Bonferroni within group comparisons, red—diabetes group; post-hoc Bonferroni within group comparisons,
black—inter-intergroup comparisons, independent t-test. 6M, 6M after SG; AUC, area under the curve; B, baseline; BMI, body mass index;
MAGE, mean amplitude of glycemic excursions; OGTT, oral glucose tolerance test; SG, sleeve gastrectomy.

3.2 | One hour plasma glucose and MAGE remained
elevated in the diabetes group after SG

The aim was to examine the differences in glycemic values after
SG between both groups. A previous study found reductions in
fasting and 2-h glucose concentrations after Roux-en-Y gastric
bypass (RYGB) in individuals with normal glucose tolerance during
an OGTT.?° However, few studies compare 1-h PG concentrations

and GV indices after weight loss from metabolic and bariatric

surgery in individuals with HbAlc <5.7% (39 mmol/mol). In this

study, mean HbA1lc remained greater in the diabetes group when
compared to the non-diabetes group at 6W (p < 0.001) and 6M
(p < 0.01). Both groups displayed reductions in HbAlc (Figure 2B),
and this decrease was greater in the diabetes group. SG effectively
reduced HbA1c from 54 + 0.3% to 5.1 &+ 0.4% at 6M (p < 0.05)
in the non-diabetes group. HbA1c was reduced to a greater degree
in the diabetes group from 8.9 + 2.0% to 5.8 + 0.6% at 6M
(p < 0.01).
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TABLE 2 Circulating glycemic concentrations before and after sleeve gastrectomy.

Non-diabetes group n = 11 Within group Diabetes group n = 10 Within group
effect of effect of
Baseline 6W 6M time Baseline 6W 6M time
Weight (Ibs.) 262.1 4+ 34.2 229.4 + 332" 204.3 + 412" F = 62.4; 2542 + 40.6  217.3 + 341" 1984 + 34.9"** F = 80.6,
p < 0.001 p < 0.001
BMI (kg/m?) 428 +45  37.7 £52%* 332+ 64" F=624, 414 + 62 34.9 4+ 5.5 32.6 + 5.2  F =80.6,
p < 0.001 p < 0.001
HbA1c (%) 54+ 0.3 5.2 + 0.3* 5.1 + 0.4* F =409, 8.9 + 2,011t 6.8 + 12911t 58 4 0t1T  F=15
p = 0.02 p =001
Fasting 85 + 6.5 82+ 74 80 + 6.9 F=31, 187 + 7411t 108 + 27.5*1T 94 + 12.9*tt  F =113
glucose p = 0.07 p =0.01
(mg/dl)
30-min 132 + 200 148 + 17* 147 + 31 F=41, 265 + 71ttt 229 + 49ttt 216 + 39ttt NS
glucose p =0.03
(mg/dL)
1-h glucose 136 + 33.7 138 + 30.5 136 + 39.6 NS 310 + 87.01TT 259 4+ 68911t 229 + 741t F=237,
(mg/dL) p = 0.078
2-h glucose 121 + 211 85 + 20* 65 + 24** F =216, 325 + 857111 164 + 61.6*11T 133 + 65.91T F=1211,
(mg/dL) p < 0.001 p < 0.001
Glucose AUC 250 + 34.6 240 + 31.4 228 + 45.9 NS 569 + 1639111 418 + 105.6*11t 361 + 1061t F=7.1,
(mg h/dL) p = 0.003
Impaired 0 (0) - 0 (0) 10 (100) - 4 (40)
fasting
glucose
n (%)
Impaired 2 (18.2%) - 0 (0) 10 (100) - 4 (40)
glucose
tolerance
n (%)
Diabetes - - - - - 5/10
remission

Abbreviation: NS, not significant.

Post-hoc Bonferroni comparisons: *p < 0.05, compared to baseline data, within group comparison; **p < 0.01, compared to baseline, within group
comparison; ***p < 0.001, compared to baseline, within group comparison. Group Comparisons: Tp < 0.05, group comparison at the same time point;
tp < 0.01, group comparison at the same time point; 1Tp < 0.001, group comparison at the same time point.

Glucose AUC (Figure 2C), which was lower in the non-diabetes
group compared with the diabetes group at baseline, was exam-
ined. Glucose AUC within the non-diabetes group did not decrease
following SG. However, glucose AUC in the non-diabetes group was
lower at each time point compared with the diabetes group. Although
SG effectively induced weight loss and reduced HbAl1c in both
groups, glucose AUC remained elevated in the diabetes group when
compared with the non-diabetes group.

An OGTT with 1-h PG >155 mg/dL (8.6 mmol/L) correlates
with increased progression to type 2 diabetes, CVD risk profile,
and mortality.2*?2 In this study, mean 1-h PG in the dia-
betes group decreased from a baseline concentration of 310 +
87.0 mg/dL (p < 0.05) to 228.7 &+ 74 mg/dL (Figure 2D), which is
more than the 1-h PG of 136.0 + 39.6 mg/dL in the non-diabetes
group at 6M (p < 0.05). Mean 1-h PG in the non-diabetes group

remained <155 mg/dL (8.6 mmol/L) and was unchanged from

baseline, whereas mean 1-h PG improved but remained elevated in
the diabetes group when compared to the non-diabetes group
after SG.

Individuals with normal glucose tolerance defined by current
criteria [fasting (<100 mg/dL [5.55 mmol/L]) and 2-h PG (<140 mg/dL
[7.77 mmol/L])] during an OGTT may have 1-h PG > 155 mg/dL
(8.6 mmol/L). Normal glucose tolerance by standard definition does
not include 1-h PG.2%2% |n the diabetes group, five of 10 patients in
the diabetes group achieved remission 6M after SG, defined as
HbA1c <5.7%; three were not receiving diabetes medications; one
remained on metformin and one on a GLP-1 agonist. However, 9 of
10 (90%) participants had 1-h PG >155 mg/dL (8.6 mmol/L) 6M after
weight loss, but four of these patients had both HbAlc <5.7%
(39 mmol/mol) and normal glucose tolerance during OGTT,; thus,
diabetes risk remains in some patients who may not be detected
using HbA1c alone.
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Glucose values during OGTT in the non-diabetes group were
analyzed. Although all participants had HbA1c <5.7%, 2 of 11 (18%)
had prediabetes defined as 2-h PG >140 mg/dL or impaired glucose
tolerance (7.77 mmol/L) at baseline (Table 2). Additionally, 1-h PG
was elevated in a subset of patients with normal glucose tolerance. In
this study, 5 of 11 (45%) participants with non-diabetes had 1-h PG
>155 mg/dL (8.6 mmol/L), even though four of these participants had
a normal glucose tolerance test at baseline. At 6M, three of five
participants with elevated 1-h PG at baseline had improved 1-h PG to
<155 mg/dL (8.6 mmol/L). Thus, 1-h PG can be elevated before and
after metabolic and bariatric surgery in participants with both HbA1c
<5.7% and normal glucose tolerance test. A majority of participants
in the diabetes group compared to the non-diabetes group had
elevated 6M 1-h PG despite improvement in HbA1c; thus, dysgly-
cemia persisted after weight loss from metabolic and bariatric

surgery.

3.3 | CGM-derived GV Index—MAGE remained
elevated after SG in individuals with diabetes

As OGTT measures static glucose concentrations after a high glucose
load, changes in CGM-derived GV indices during “free-living” condi-
tions were compared in both groups. Although the non-diabetes
group in this study showed a slight increase in the GV index,
MAGE, at 6M, GV remained significantly lower than that in the dia-
betes group. MAGE decreased at 6W and 6M (Figure 2E) in the
diabetes group, but remained above the reference range value (0-
2.8). Other GV indices were elevated in the diabetes group when
compared to the non-diabetes group 6M after SG (Table 3).
Additionally, baseline 1-h PG correlated with baseline MAGE
(0 =0.787, p < 0.001) and HbA1c (p = 0.83, p = <0.001) and 6M 1-h
PG correlated with 6M MAGE (p = 0.87, p < 0.001) and HbA1c
(p = 0.45, p = 0.04) after SG in both groups combined. In summary,
SG reduced glucose AUC, but 1-h PG and MAGE did not normalize in

the diabetes group, suggesting that residual diabetes risk remains
after SG in individuals with diabetes.

3.4 | Weight loss improved insulin sensitivity in the
diabetes group

Plasma insulin collected during OGTT was analyzed to assess changes
in insulin resistance after SG in both groups (Table 4). Previous
studies suggested that insulin sensitivity improves early after weight
loss from metabolic and bariatric surgery in patients with normal
glucose tolerance and T2D.2%2%2¢ |n this study, fasting insulin con-
centrations at baseline visits were statistically similar between both
groups. After an oral glucose load at baseline visit, 1-h insulin con-
centrations increased in both groups (p < 0.001), but were 52%
greater in the non-diabetes group than in the diabetes group. The
non-diabetes group demonstrated insulin concentrations that were
54% greater than the diabetes group, 2-h after the glucose load
during baseline visits (p < 0.05). Thus, the non-diabetes group
secreted more insulin than the diabetes group after a glucose load at
baseline. After 6M weight loss, although insulin concentrations
improved in the diabetes group and were similar to those in the non-
diabetes group (Table 4), this did not sufficiently reduce glucose
concentrations to match the concentrations observed in the non-
diabetes group. As the circulating glucose concentration was
elevated in the diabetes group, more pancreatic insulin secretion to
compensate for the glucose concentrations was expected but not
observed.

Disposition index, which represents pancreatic B-cell function,
was analyzed (Table 4), with low concentrations consistent with
inadequate insulin secretion to compensate for insulin resistance.?”
The disposition index in the non-diabetes group increased from a
baseline at 6M (reference range >1.24) (Table 4). Although the dia-
betes group disposition index increased (p < 0.01) at 6M from
baseline, it was lower than that in the non-diabetes group (p < 0.05).

TABLE 3 Weight loss from SG reduces CGM-derived glycemic variability indices in diabetes.

Non diabetes n = 11

Diabetes n = 10

Reference

Baseline 6 months Baseline 6 months range?’
Standard deviation (SD) 0.92 + 0.3 1.10 + 0.2 2.8 + 0.811T 1.9 + 0.6* 0.0-3.0
Continuous overall net glycemic action (CONGA) 45+ 05 43+05 10.3 + 4.7tt 5.0 + 0.8**t 3.6-5.5
Lability index (LI) 1.3+08 21+08 11.7 + 54111 7.4 + 40+ttt 0.0-4.7
J-index 12.54 + 4.0 131 + 27 84.2 + 60.14't 24.1 + 10**1t 4.7-23.6
Low blood glucose index (LBGI) 32+ 16 35+ 24 0.9 + 1.211 24 + 1471 0.0-6.9
High blood glucose index (HGBI) 0.7 £ 0.5 1.1+ 05 19.7 + 17.611 3.7 + 2.1t 0.0-7.7
Glycemic risk assessment in diabetes equation (GRADE) 0.7 + 0.66 07 +05 14.8 + 10.311t 1.9 + 2.2%+ 1t 0.0-4.6
Mean amplitude of glycemic excursion (MAGE) 225 + 0.6 3.0 £ 0.5* 6.8 4+ 2,011t 4.9 + 151t 0.0-2.8

Abbreviations: CGM, continuous glucose monitoring; SG, sleeve gastrectomy.

*p < 0.05; 6 months compared to baseline, within group comparisons. tp < 0.01, group comparison at the same time point. Ttp < 0.001, group

comparison at the same time point.
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Diminished pancreatic B-cell insulin secretion accounts for the re-
sidual dysglycemia observed in the diabetic group.

Metabolic and bariatric weight loss decreased insulin sensitivity
as measured by HOMA-IR (Table 4), a measure of hepatic insulin
resistance, decreased (reference range <2.5) at 6W and 6M in both
groups, and there was no difference between the two groups after
weight loss. The Matsuda index, an index of whole body insulin
sensitivity?®, increased by 70% 6M after SG in the diabetes group.
There were no differences in Matsuda indices between the diabetes
versus the non-diabetes groups after SG. Hence, SG improved insulin
resistance and whole body insulin sensitivity in the diabetes group to
concentrations similar to those in the non-diabetes group.

Collectively, these data corroborate previous studies that
demonstrated improvement in insulin sensitivity after weight loss.?®
Inadequate B-cell compensation explains residual dysglycemia in the

diabetes group after 6M of weight loss and not insulin resistance.
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3.5 | Triglyceride/HDL and triglyceride glucose
index correlated with 1-h PG only at baseline

Circulating lipoprotein profiles were measured at the three deter-
mined time points (Table 5). Individuals with diabetes have higher
total cholesterol, low-density-lipiprotein (LDL) cholesterol, and tri-
glycerides, but lower HDL cholesterol than those with non-diabetes.?’
In this study, despite equivalent baseline weight, the only clinical lipid
parameter that differed between the non-diabetes and diabetes
groups was baseline concentrations of triglycerides (Table 5). The
average baseline triglyceride of 182 + 61 mg/dL was 39% greater in
the diabetes group than the concentration of 122 4+ 63.6 mg/dL in the
non-diabetes group (p = 0.056). There was no difference in baseline
total cholesterol, HDL cholesterol, or LDL cholesterol.

Whether weight loss—known to reduce triglycerides, lower LDL
cholesterol and raise HDL cholesterol®°*—had similar effects in both

TABLE 4 Circulating insulin levels before and after sleeve gastrectomy.

Non-diabetes n = 8

Diabetes n = 8

Within group Within group
Baseline 6W 6M effect of time Baseline 6W 6M effect of time
Fasting insulin 10.7 £ 5.3 6.2 + 4* 50£25* F=75p=001 1744+ 112 92+ 51 67 £38* F=57,p=002
(MU/mL)
30-min insulin  105.3 + 95 109.1 + 149 1222 + 928 NS 34.1 4+ 201 645 + 420 79.8 + 44.2* F=528, p =0.01
(uU/mL)
1-h insulin 82.3 £35.1 1152 + 1668 964+ 107 NS 38.7 £ 272" 835+ 658 803 +29.3 NS
(uU/mL)
2-h insulin 80.03 + 534 90.7 & 208 124+ 74 NS 36.6 + 331" 441+ 337 189+ 142 NS
(uU/mL)
Insulin AUC 161 + 714 133 + 123 140 + 95 NS 74 + 377 129 + 820 112 + 39.0 NS
(uU h/mL)
Matsuda index 38+ 18 6.1 £ 3.0 64 +£20 NS 27 £20 3.7 £22 4.6 +£ 21 F=239, p=0046
HOMA-IR 25+ 14 14 +08* 1.0+ 05 F=75p=001 84+ 65 28+20 17+10* F=102p=001
Disposition 44 + 3.6 83+ 47 117 £ 10.3* F=52,p=005 09+ 15" 17+22'" 35+23*T F=52 p=002
index

Abbreviation: NS, not significant.

Post-hoc Bonferroni comparisons: *p < 0.05, compared to baseline data, within group comparison. **p < 0.01, compared to baseline, within group

sokok

comparison. ***p < 0.001, compared to baseline, within group comparison.

Group Comparisons: p < 0.05, group comparison at the same time point. Ttp
comparison at the same time point.

TABLE 5 Circulating lipid levels before and after sleeve gastrectomy.

Non-diabetes n = 11

< 0.01, group comparison at the same time point. TTp < 0.001, group

Total cholesterol (mg/dL)
Triglycerides (mg/dL)
HDL (mg/dL)

LDL (mg/dL)

Baseline 6W

183 + 37 150 + 29**
122 + 636 87 + 28.1*
51+ 213 44+ 109

109 + 29 88 + 22.1**

Abbreviation: NS, not significant.

6M

173 + 39
78 + 25.0*
54 + 12.7%

103 + 31.7

Within group Diabetes N = 8 Within group
effects of SG Baseline 6W 6M effects of SG
F=106,p <0001 182 +42 165+32 174+30 NS
F=52p=0.03 182 £ 61 111 £+ 32* 100 £47* F=72,p=001
F=42,p=0029 40+84 36+45" 53+80" F=29 p<0.001

F=56,p=001

105 + 334 107 + 31.1 101 + 21.6

NS

Post-hoc Bonferroni comparison: *p < 0.05, compared to baseline, within group comparison. **p < 0.01, compared to baseline, within group comparison.
p < 0.05, group comparison at the same time point. ¥p < 0.05, increase in HDL at 6M compared to 6W in the non-diabetic group.
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groups after SG was examined. Triglyceride concentrations demon-
strated the greatest decrease after SG in both groups (Figure 2F).
Triglyceride concentrations decreased by 29% in the non-diabetes
group (p < 0.05) and by 39% (p < 0.05) in the diabetes group at
6W. Further reductions in triglycerides occurred at 6M. Triglyceride
concentrations were the same at 6M between both groups, and
decreased by 44% (p < 0.05) from baseline in the non-diabetes group
and by 58% (p < 0.05) in the diabetes group. Hence, triglyceride
concentrations in the diabetes group were reduced after SG almost
to the same concentration as the non-diabetes group at 6M. Also, 1-h
PG correlated with baseline triglyceride concentrations at baseline in
both groups (Figure S1A,D).

HDL cholesterol decreased during active weight loss, but
increased back to or greater than the baseline during weight stabi-
lization.®* In this study, HDL cholesterol decreased by 13.6% in the
non-diabetes group (p = 0.086), and by 11% in the diabetes group
(p = 0.062) after 6W; however, these reductions did not meet sta-
tistical significance (Table 5). HDL concentrations recovered to
baseline concentrations at 6M in the non-diabetes group, and the
HDL in the diabetes group improved from baseline by 25% (p < 0.05).
Thus, HDL showed a biphasic response after SG.

The effects of SG on LDL cholesterol and total cholesterol con-
centrations were analyzed. A previous meta-analysis revealed that
total cholesterol and LDL cholesterol concentrations did not signifi-
cantly decrease 1 year after SG, although these concentrations were
reduced after RYBG.%® SG reduced total cholesterol at 6W in both
groups (Table 5). However, at 6M, LDL and total cholesterol returned
to baseline values in both groups. Also, similar to previous ﬁndings,30
total cholesterol and LDL concentrations did not change at 6M
compared to baseline in both groups. Additionally, there were no
correlations between 1-h PG and total cholesterol, LDL-c, or HDL-c
at 6W and 6M after SG in both groups.

Recently, log transformed triglyceride/HDL ratio and triglyceride
glucose index (a product of triglyceride and glucose concentrations)
were identified as markers for insulin resistance, and cardiovascular
and diabetes risk.2¥%2 In concordance with published data, 1-h PG
positively correlated with baseline insulin resistance marker—log
transformed triglyceride/HDL ratio in this study®® (Figure S1BE).
Uniquely, this study showed that baseline 1-h PG correlated with
baseline triglyceride glucose index in both groups (Figure S1C,F).
These associations were not present after weight loss from SG. This
study showed that 1-h PG correlates with other markers of insulin
resistance, which are triglyceride/HDL and triglyceride glucose index
at baseline; but this correlation is not present after metabolic and

bariatric surgery and ensuing weight loss improves insulin sensitivity.

4 | DISCUSSION

Although the effects of metabolic and bariatric surgery on insulin
resistance are known,?° this study provides several insights.

Foremost, although the weight reduction from SG reduces PG

concentrations and HbA1c, it is less impactful in reduction of circu-
lating glucose concentrations and MAGE in individuals with diabetes.
GV is pertinent because increased concentrations are associated with
the development of diabetes complications.” Persistent elevation of
GV indices following SG-induced weight loss suggests the presence
of residual risk of diabetes complications in those with diabetes
despite HbA1c reduction.?? Moreover, even at baseline, patients with
obesity and normal HbA1c had abnormal 1-h PG and GV.

SG reduced HbA1c in both groups but was an insensitive
marker in determining GV or glucose homeostasis.>*® GV indices
can be analyzed from CGM interstitial glucose values and have
been associated with 1-h PG >155 mg/dL (8.6 mmol/L).%% In this
study, a subset of participants in the diabetes group had HbA1c
<5.7% (39 mmol/mol) but a 1-h PG >155 mg/dL (8.6 mmol/L) 6M
after SG. Additionally, mean 1-h PG remained elevated in the dia-
betes group compared to that of the non-diabetes group at 6M.
Hence, individuals with T2D have significant dysglycemia after
weight loss despite improvement in HbAlc to <5.7%, and dysgly-
cemia may be assessed by determining GV. Although MAGE
increased in the non-diabetes group after chronic weight loss from
SG, MAGE remained lower than that in the diabetes group. The
cause of increased GV in the no-diabetes group after metabolic and
bariatric surgery despite this overall improvement in average
glucose is not clear but might be an unexpected side effect of
surgery. Metabolic and bariatric surgery modifies the anatomy and
physiology of the gastrointestinal system, causing rapid gastric
emptying and an increase in the postprandial incretin response,
which leads to greater glucose peaks followed by lower nadirs.33°

Homeostatic Model Assessment of Insulin Resistance is a
commonly used marker for insulin resistance in metabolic and bar-
iatric surgery studies.>®> HOMA-IR represents hepatic insulin sensi-
tivity but underestimates IR in skeletal muscle because it uses fasting
parameters. In contrast, Matsuda index, incorporates postprandial
glycemia, assesses plasma insulin and glucose, and represents whole
body insulin sensitivity including hepatic and skeletal muscle glucose
disposition.3® In this study, SG improved insulin resistance and whole
body insulin sensitivity in the diabetes group to concentrations
similar to those of the non-diabetes group. Although 1-h PG
>155 mg/dl (8.6 mmol/L) is associated with elevated HOMA-IR in
obesity,%” these parameters were the same between the groups in
this study after SG. Insulin resistance and sensitivity improved in the
diabetes group, but 1-h PG remained elevated. Hence, insulin resis-
tance was not the only contributor to elevated glucose concentra-
tions and GV index after weight loss.

Disposition index represents the ability of pancreatic B-cell in-
sulin secretion to compensate for insulin resistance and takes into
account the first phase insulin secretion.>® Consistent with a previous
study, this study shows that metabolic and bariatric surgery improves
disposition index.'®3? However, the mean disposition index remained
lower in the diabetes group. Thus, this group had less pancreatic
B-cell insulin response to rising glucose concentrations than the non-

diabetes group. The study results imply that pancreatic B-cell
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dysfunction contributed to increased GV in individuals with T2D
after metabolic and bariatric surgery.

Differences in lipoprotein concentrations after SG were also
assessed. SG had a greater effect on the triglyceride concentration
lowering in both groups in parallel with insulin resistance
improvement. Previous studies have reported that the triglyceride/
HDL ratio, a marker of insulin resistance and diabetes risk, corre-
lates with 1-h PG.3! This relationship occurred before metabolic
and bariatric surgery in both groups, but the association did not
remain after weight loss. Another marker of insulin resistance was
examined, triglyceride glucose index, and correlated it to 1-h PG.
Fasting PG indicates insulin resistance in the liver, but fasting tri-
glycerides better indicate insulin resistance in adipocytes.®* Tri-
glyceride glucose index, a product of triglycerides and PG, better
reflects diabetes outcomes than glucose and triglyceride values

alone.*?

Baseline 1-h PG correlated with circulating triglyceride
concentrations, and baseline 1-h PG correlated with triglycer-
ide glucose index in both groups. Furthermore, baseline triglyceride
glucose index correlates with HOMA-IR in the diabetes group.
Additionally, 1-h PG correlates with fasting circulating triglyceride
concentrations. These relationships did not remain after metabolic
and bariatric surgery. After weight loss from SG, insulin resistance
markers including those from lipids improve, but 1-h PG remained
elevated in the diabetes group. Thus, lipids can be an effective
surrogate marker for insulin resistance but only before weight loss
from surgery.

This study had limitations. The overall sample size was small,
limiting generalizability. Furthermore, the majority were women in
the non-diabetes group, but the proportion of men and women was
not statistically different in both groups. Finally, chronic weight loss
was analyzed at 6M, but was not re-tested at a later time point.
Behavioral factors such as sleep, diet, and exercise could also
contribute to differences in glycemic and lipid concentrations. Body
composition measurements would provide further insight as to the
anthropometric changes following SG.4%#!

In summary, residual dysglycemia remained after SG-induced
weight loss in individuals with diabetes. The continued abnor-
mality in GV markers, 1-h PG and MAGE, as well as disposition
index, supports the notion that HbA1c alone is insufficient to fully
reflect glycemic status after surgical weight loss. Moreover, even
with HbA1c reduction in individuals with diabetes, abnormal GV
and likely residual CVD risk persist. Finally, the results of this
study have implications for individuals without diabetes. Since the
non-diabetes group benefited from weight loss with improvements
in HbA1c and triglyceride markers, early intensive interventions
for weight loss, such as metabolic and bariatric surgery, should be
considered, as circulating glucose concentrations may not
completely normalize once diabetes ensues. Future prospective
trials are needed to delineate the impact of different weight loss
surgeries, such as SG and RYGB, compared to pharmacological
weight loss on GV, and determine how elevations in GV after
weight loss contribute to long-term diabetes complications such
as CVD.
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