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OBJECTIVE

To compare diabetic kidney disease (DKD) rates over 5 years of follow-up in two
cohorts of severely obese adolescents with type 2 diabetes (T2D) undergoing
medical or surgical treatment for T2D.

RESEARCH DESIGN AND METHODS

A secondary analysis was performed of data collected from obese participants of
similar age and racial distribution enrolled in the Teen-Longitudinal Assessment of
Bariatric Surgery (Teen-LABS) and the Treatment Options of Type 2 Diabetes in
Adolescents and Youth (TODAY) studies. Teen-LABS participants underwent
metabolic bariatric surgery (MBS). TODAY participants were randomized to
metformin alone or in combination with rosiglitazone or intensive lifestyle in-
tervention, with insulin therapy given for glycemic progression. Glycemic control,
BMI, estimated glomerular filtration rate (eGFR), urinary albumin excretion (UAE),
and prevalence of hyperfiltration (eGFR ‡135 mL/min/1.73 m2) and elevated UAE
(‡30 mg/g) were assessed annually.

RESULTS

Participants with T2D from Teen-LABS (n5 30,mean6 SD age, 16.96 1.3 years; 70%
female; 60% white; BMI 54.46 9.5 kg/m2) and TODAY (n5 63, age 15.36 1.3 years;
56% female; 71% white; BMI 40.56 4.9 kg/m2) were compared. During 5 years of
follow-up, hyperfiltration decreased from 21% to 18% in Teen-LABS and increased
from7%to48%inTODAY.ElevatedUAEdecreased from27%to5% inTeen-LABSand
increased from 21% to 43% in TODAY. Adjusting for baseline age, sex, BMI, and HbA1c,
TODAYparticipantshadagreateroddsofhyperfiltration (odds ratio15.7 [95%CI2.6,
94.3]) and elevated UAE (27.3 [4.9, 149.9]) at 5 years of follow-up.

CONCLUSIONS

Compared with MBS, medical treatment of obese youth with T2D was associated
with a higher odds of DKD over 5 years.

Diabetic kidney disease (DKD) is the leading cause of renal failure in theU.S. anddevelops
at an alarming rate in adolescents with youth-onset type 2 diabetes (T2D) (1–4). Current
medical treatments are only partially protective against DKD in the setting of T2D.
Compared with adult-onset T2D, youth with T2D have amore aggressive phenotype, with
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greater insulin resistance, more rapid
b-cell failure, and higher prevalence of
DKD (2–5), supporting a need for dedi-
cated studies in youth.
The Teen-Longitudinal Assessment of

Bariatric Surgery (Teen-LABS) study pro-
spectively evaluated outcomes of adoles-
cents who clinically qualified for and
underwent metabolic bariatric surgery
(MBS) at one of five U.S. centers. A
longitudinal analysis in Teen-LABS estab-
lished that urinary albumin excretion
(UAE) and estimated glomerular filtration
rate (eGFR) decreased over 3 years fol-
lowingMBS in severely obese adolescents
without T2D (6). The Treatment Options
of Type 2 Diabetes in Adolescents and
Youth (TODAY) study was a multicenter
randomized controlled trial designed to
investigate strategies to achieve durable
glycemic control and demonstrated that
almost 50% of youth with T2D progressed
to requiring insulin after a median follow-
up of 11 months (7). Longitudinal data
from the TODAY study also demonstrated
that the cumulative incidences of elevated
UAE ($30 mg/g) and hypertension were
18% and 37%, respectively, during nearly
6 years of follow-up (8). Yet, there are no
data that have specifically examined kid-
ney outcomes after MBS versus medical
therapy in adolescents with T2D.
A recent analysis of severely obese

youth with T2D in Teen-LABS and TODAY
found that over 2 years of follow-up,
hemoglobin A1c (HbA1c) increased signif-
icantly in TODAY, while it decreased in
Teen-LABS (9). Furthermore, BMI in-
creased by 3.7% in TODAY but decreased
by 29% in Teen-LABS over 2 years (9).
Studies are now needed to understand
differences in the effect of MBS and
medical therapy on other T2D-related
comorbidities, including DKD. Accord-
ingly, the objective of the current study
was to define DKD rates over 5 years of
follow-up in these two cohorts (Teen-
LABS and TODAY) of severely obese ado-
lescents with T2D undergoing medical
versus MBS interventions. We hypothe-
sized that youth with T2D undergoing
MBS would experience improvement in
DKD outcomes, whereas youth with T2D
treated medically would experience
worsening of DKD outcomes over 5 years.

RESEARCH DESIGN AND METHODS

Study Design and Participants
Teen-LABS enrolled 242 adolescents
(#19 years of age) from 1 March

2007 to 31 December 2011. TODAY en-
rollment started on 1 May 2004 and
ended on 31 December 2009, with a
total of 699 randomized participants
(ages 10–17 years). Postintervention
follow-up, wherein participants were
provided with standard medical therapy,
lasted 3 years and began immediately
after the TODAY clinical trial was com-
pleted. Study details for both Teen-LABS
and TODAY have been published else-
where (7,8,10). The TODAY and Teen-
LABS protocols were approved by the
institutional review boards of each par-
ticipating institution. Participants pro-
vided written informed parental consent
and child assent. The participants provided
consent for identifiers to be maintained
at the data coordinating centers for each
study. Deidentified data were used for the
purposes of the current analysis.

Pertinent to this analysis, there were
30 Teen-LABS participants with T2D at
the time ofMBS. Of these, 24 underwent
Roux-en-Y gastric bypass and 6 under-
went vertical sleeve gastrectomy proce-
dures. Participants with T2D in TODAY
(irrespective of treatment group assign-
ment) were frequency matched to the
30 Teen-LABS participants with T2D using
the following matching criteria: baseline
age (13–18 years), race/ethnicity, sex,
and baseline BMI (.35 kg/m2). Through
this process, a total of 63 TODAY partic-
ipants were identified. This secondary
analysis included data collected from the
30 MBS-treated and 63 medically treated
individuals with T2D at the baseline and
1-, 2-, 3-, 4-, and 5-year study visits.

T2D Definition
Standard conventions were followed for
the assessment and prevalence of con-
ditions over time. In brief, presence of
T2D in Teen-LABS participants was de-
fined as use of medications for diabetes,
baseline HbA1c concentration of $6.5%
(to convert to proportion of hemoglobin,
multiply by 0.01), fasting glucose con-
centration of$126 mg/dL (to convert to
g/L, multiply by 10), or 2-h glucose
value .200 mg/dL (to convert to
mmol/L, multiply by 0.0555) during an
oral glucose tolerance test in the
6 months before enrollment. T2D in
TODAY was defined by standard Amer-
ican Diabetes Association (ADA) glucose
and HbA1c criteria (11) except that
asymptomatic patients with a normal
fasting glucose but elevated 2-h glucose

concentration during an oral glucose
tolerance test were also required to
have an HbA1c $6% to limit enrollment
of patients with prediabetes (12).

Laboratory Assessments
All laboratory assays for the Teen-LABS
and TODAY cohorts were performed by
the Northwest Lipid Metabolism and Di-
abetes Research Laboratories (Seattle,
WA) as previously described (9). HbA1c
and insulin assays were performed by
high-performance liquid chromatography
and double-antibody radioimmunoassay,
respectively, as previously described
(7,8,10). Insulin sensitivity was calcu-
lated annually as 1 / fasting insulin (mL/
mU), which correlates strongly with
hyperinsulinemic-euglycemic clamp–
derived in vivo insulin sensitivity in obese
youth with or without T2D (13). Concen-
trations of creatinine in serum and urine
were determined annually by using the
Creatinine Plus ver.2 enzymatic reagent
on a Modular P Chemistry Analyzer
(RocheDiagnostics, Indianapolis, IN). The
results of this procedure are traceable to
the isotope dilution mass spectrometry
reference method and allow for accurate
eGFR. The reportable range of creatinine
in serum/plasma samples is 0.03–60.0
mg/dL and in urine samples, 0.03–1,200.0
mg/dL. Concentration of cystatin C in
serum was determined immunochemi-
cally at baseline and annually by using
Siemens reagents (Siemens Healthcare
Diagnostics, Newark, DE) on a Siemens
BN II nephelometer autoanalyzer. This
method is standardized against the In-
ternational Federation of Clinical Chemis-
try and Laboratory Medicine ERM DA-471
ReferenceMaterial (RT Corp, Laramie,WY).

Elevated UAE and Hypertension
Definition
Because of the expected normal to ele-
vated glomerular filtration rates for age,
we calculated eGFR by the full age spec-
trum (FAS)–combined serum creatinine
(SCr) and cystatin C (ScysC) equation,
whichhasbeenvalidated inbothchildren
and adults and lends itself well to studies
examining the transition from pediatrics
to early adulthood (14):

FAScombined5
107:3

a3 SCr
Qcrea

1 ð12aÞ3ScysC
QcysC

The FAS equation is based on normal-
ized serum creatinine (SCr / Qcrea), where
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Qcrea is the median SCr from healthy
populations to account for age and sex,
and QcysC is 0.82 mg/L for ages,70 years.
The coefficient a in the denominator is a
weighting factor for the normalized renal
biomarkers. We used a 5 0.5, which
means that the denominator is equal to
the average of both normalized bio-
markers. We defined hyperfiltration as
eGFR $135 mL/min/1.73 m2 (15). Urine
albumin-to-creatinine ratio (UACR) was
measured at baseline and annually there-
after, unless a result was abnormal. Spot
urine samples were obtained after a 10–
14-h overnight fast. Elevated UAE (pre-
viously known as microalbuminuria) was
defined as a UACR $30 mg/mg (8). Par-
ticipants who developed elevated UAE in
TODAY were promptly treated according
to ADA recommendations, which included
starting an ACE inhibitor.
Hypertension was defined per proto-

col as use of blood pressure (BP)–
loweringmedications or 1) systolic blood
pressure (SBP) $95th percentile or di-
astolic blood pressure (DBP)$95th per-
centile (for age, sex, height) if,18 years
of age or 2) SBP .140 mmHg or
DBP .90 mmHg if $18 years of age.
Antihypertensive therapy was initiated
in TODAY according to ADA adult guide-
lines, with the addition of treatment of
BP from the 90th to 95th percentile
(dietary) and .95th percentile (dietary
and pharmacologic) for those in whom
130/80 mmHg would have been too
high a threshold on the basis of age,
as previously described (16).

Assessment of Adverse Clinical Events
The procedures for assessment of ad-
verse events in Teen-LABS (10) and
TODAY (7) have been previously described.

Statistical Analysis
Continuous variables are presented as
means and SDs, except those with highly
skewed distributions, which are summa-
rized by median and interquartile range
(IQR). Categorical variables are pre-
sented by numbers and percentages.
Baseline variable comparisons between
the Teen-LABS and TODAY groups were
accomplished by F test and x2 test. For
categoricalmeasureswith a limitednum-
ber of observations, Fisher exact testwas
used. For continuous variables without
normal distribution, Wilcoxon rank sum
test was used. Generalized estimating
equation (GEE) was used for categorical

outcomes (elevatedUAE, hyperfiltration,
hypertension, incident hyperfiltration,
and incident hypertension), with a
group * month interaction included to
measure the differences between groups
at each time point. Sex, age, BMI, HbA1c,
insulin sensitivity, triglycerides, and anti-
hypertensive medication use were in-
cluded in the multivariable models.
Linear mixed-effects (LME) models were
used for continuous variables, including
eGFR,UACR, SBP, andDBP. Log valueswere
used insteadoforiginalUACRvalues tofit
the normality assumption. Autoregres-
sive(1) covariance structure was used
for within-subject variations. The same
set of covariates as used in the GEE was
adjusted for LME. Mediation analysis
based on GEE was conducted to obtain
the direct group effect (Teen-LABS vs.
TODAY) and the combined group effects
(direct effect 1 indirect effect) through
the change of HbA1c or BMI or estimated
insulin sensitivity or triglycerides. The
strongest mediator of the group effect
was obtained by comparing the odds
ratio (OR) of outcomes between direct
and combined group effects (change in
HbA1c, BMI, insulin sensitivity, and tri-
glycerides). Complete datawere used for
the main study of this article. Sensitivity
analyses were performed with SAS PROC
MI. Fifty imputed data sets were gener-
ated. SAS PROC MIANALYZE was used to
estimate the pooled results of 50 fittings.
All statistical analyses were performed
using SAS 9.4 software (SAS Institute).

RESULTS

Baseline Comparison Between Youth
With T2D in TODAY Versus Teen-LABS
Severely obese participants in Teen-LABS
were older and had a higher mean BMI,
SBP, DBP, and triglycerides at baseline
than those in TODAY (Table 1). Addition-
ally, thereweremore femaleparticipants
in Teen-LABS versus TODAY, although
this did not reach statistical significance
(70% vs. 56%, P 5 0.18). There were no
statistically significant differences in HbA1c,
insulin sensitivity, HDL cholesterol, eGFR,
or UACR at baseline (Table 1).

Medical Versus Surgical Intervention
on Metabolic Control, DKD, and
Hypertension

BMI, HbA1c, Insulin Sensitivity, and

Triglycerides

Following MBS, participants in Teen-LABS
demonstrated significant improvements in

BMI, HbA1c, and insulin sensitivity over
the 5-year follow-up compared with
their TODAY counterparts (Fig. 1 and
Supplementary Table 2). In Teen-LABS,
mean BMI decreased from 54.4 kg/m2 at
baseline to 39.2 kg/m2 at year 1 and then
modestly increased to 42.9 kg/m2 at year
5. In TODAY, mean BMI increased from
40.5 kg/m2 at baseline to 41.7 kg/m2 at
year 5. Mean HbA1c decreased from 6.8%
at baseline to 5.4% at year 1 and then
modestly increased to 5.9% at year 5 in
Teen-LABS. Conversely, in TODAY, mean
HbA1c progressively increased from 6.2%
at baseline to 8.8% at year 5. Mean insulin
sensitivity improved from 0.04 mL/mU at
baseline to 0.12 mL/mU at year 5 in Teen-
LABS and worsened from 0.04 mL/mU at
baseline to 0.03 mL/mU at year 5 in
TODAY. Finally, mean triglycerides de-
creased from 153 mg/dL at baseline to
92 mg/dL at year 5 in Teen-LABS and
increased from 132 mg/dL at baseline to
187 mg/dL at year 5 in TODAY.

eGFR and Hyperfiltration

Renal function remained stable in par-
ticipants in Teen-LABS, whereas eGFR
increased over 5 years in youth in TODAY
(Fig. 2). Additionally, the prevalence of
hyperfiltration increased by 41% (7% to
48%) in TODAY comparedwith a decrease
of 3% (21% to 18%) in Teen-LABS (P 5
0.04). The cumulative incidenceof hyper-
filtration was 26% in Teen-LABS and 46%
in TODAY.At 5-years of follow-up, TODAY
participants had a 17-fold greater odds of
hyperfiltration (OR 17.2 [95% CI 2.6,
114.5], P5 0.003) (Fig. 3) after adjusting
for baseline age, sex, BMI, HbA1c, insulin
sensitivity, and antihypertensive medi-
cation use. TODAY participants also had a
21-fold greater odds of incident hyper-
filtration over 5 years compared with
Teen-LABS (21.2 [2.2, 202.8], P5 0.008)
(Fig. 4) in adjusted models. In mediation
analyses, the change in HbA1c was the
strongest mediator of developing hyper-
filtration (Supplementary Table 1).

UACR and Elevated UAE

UACR decreased in Teen-LABS partici-
pants compared with TODAY participants
over the 5-year follow-up (Fig. 2). Sim-
ilarly, the prevalence of elevated UAE
increased by 22% (21% to 43%) in TODAY
compared with a decrease of 22% (27–
5%) in Teen-LABS (P 5 0.003) (Fig. 3).
The cumulative incidence of elevated
UAE was 48% in TODAY participants,
but none of the youth in Teen-LABS
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developed elevated UAE after MBS. At
5 years of follow-up, TODAY participants
had a 27-fold greater odds of elevated
UAE compared with Teen-LABS partici-
pants (OR 27.3 [95% CI 5.2, 146.2], P 5
0.0001) (Fig. 4) in adjusted models. Ac-
cordingly, we did not calculate the differ-
ences in incident elevated UAE between
the two cohorts. Mediation analyses sug-
gested that change in HbA1c was the
strongestmediator (Supplementary Table 1).

Hypertension

The prevalence of hypertension in-
creased by 40% (25% to 66%) from
baseline to 5-year follow-up in TODAY
compared with a decrease of 23% (67% to
44%) in Teen-LABS (P5 0.0002) (Fig. 3).
The cumulative incidence of hyperten-
sion was 51% in TODAY and 56% in Teen-
LABS. At 5 years of follow-up, TODAY
participants had a fourfold greater odds
of hypertension, but this was not signif-
icant aftermultivariable adjustments (OR
4.0 [95% CI 0.7, 21.4], P 5 0.11) (Fig. 4).
For hypertension, BMI was the strongest
mediator, although it did not reach

statistical significance (Supplementary
Table 1).

Missing Data and Sensitivity Analyses

Data on hyperfiltration were missing in
31% of participants in TODAY and 36% of
participants in Teen-LABS at 5-year
follow-up. For elevated UAE, 9% and
50% of data were missing for TODAY
and Teen-LABS, respectively, at 5-year
follow-up. Finally, hypertension was miss-
ing in 0% of participants in TODAY and 30%
of participants in Teen-LABS at 5-year
follow-up. To account for the missing
data, we reran our models with multiple
imputations under the missing-at-random
assumption (Supplementary Fig. 1) as
sensitivity analyses. The associations re-
mained significant, but the magnitude
was attenuated. We also performed
sensitivity analyses with imputed values
under missing-not-at-random adjust-
ments, and the ORs for elevated albumin
excretion and hyperfiltration at 5 years
were within all CIs, which support the
conclusionsmade (Supplementary Figs. 2
and 3).

We also performed sensitivity analy-
ses excluding the six participants who
underwent vertical sleeve gastrectomy.
Limiting our analyses to participants who
underwent Roux-en-Y gastric bypass did
not meaningfully change the output of
the multivariable models (data not
shown).

CONCLUSIONS

Adolescents with severe obesity and T2D
receiving medical treatment in TODAY
experienced increased rates of hyper-
filtration, elevated UAE, and hypertension
over 5 years of follow-up. In contrast,
adolescents with severe obesity and T2D
undergoing MBS in Teen-LABS experi-
enced regression of hyperfiltration, ele-
vated UAE, and hypertension over the
same time period, despite having worse
markers of kidney health at baseline.
Change in HbA1c was the strongest me-
diator of the differences observed in
TODAY and Teen-LABS, yet it remains
incompletely understood how MBS pro-
vides dramatic attenuation of DKD in
youth with T2D beyond the impact of
improved glycemic control and weight
loss. Accordingly, a better understanding
of the effects of bariatric surgery on renal
health is critical to helping to define
mechanisms of surgical benefits and to
identify potential novel future nonsurgi-
cal approaches to DKD.

Youth-onset T2D represents a sub-
stantial percentage of new cases of di-
abetes in children and adolescents,
ranging from 14% in non-Hispanic whites
to 86% in American Indians (4,17,18).
Youth-onset T2D is characterized by a
suboptimal response to currently ap-
proved medical therapies and major
challenges in adherence and manage-
ment. Although major therapeutic ad-
vances have been made in diabetes care
for adults with T2D, the only U.S. Food
and Drug Administration–approved med-
ications as of June 2019 for youth-onset
T2Dweremetformin and insulin. Further-
more, in the recently completed Re-
storing Insulin Secretion (RISE) study,
where youth and adult participants
were randomly assigned to receive either
12 months of metformin or 3 months of
insulin glargine followed by 9 months
of metformin, early insulin glargine and
metformin both failed to improve b-cell
function in youth-onset T2D (5,19).
Moreover, RISE demonstrated that in-
sulin resistance and insulin secretion

Table 1—Baseline participant characteristics stratified by study

Teen-LABS (n 5 30) TODAY (n 5 63) P value

Age (years) 16.9 6 1.3 15.4 6 1.3 ,0.0001

Female sex 70.0 55.6 0.18

Race/ethnicity
Black non-Hispanic 30.0 28.6 0.89
Hispanic 3.3 0 0.32
White non-Hispanic 60.0 71.4 0.27
Other 6.7 0 0.10

BMI (kg/m2) 54.4 6 9.5 40.5 6 4.9 ,0.0001

BP (mmHg)
Systolic 129 6 12 119 6 11.4 0.0002
Diastolic 76 6 12 70 6 9 0.02

Hypertension 66.7 25.4 0.0001

Antihypertensive medication use 60.0 12.7 ,0.0001

ACE inhibitor/ARB use 30.0 12.7 0.04

Lipid-lowering medication use 10.0 0.0 0.03

UACR (mg/g) 11 (5–32) 10 (5–22) 0.66

Elevated UAE ($30 mg/g) 26.7 21.3 0.57

ScysC (mg/L) 0.80 6 0.18 0.79 6 0.14 0.94

SCr (mg/dL) 0.66 6 0.15 0.67 6 0.14 0.88

eGFR-FAS (mL/min/1.73 m2) 118 6 22 115 6 15 0.53

Hyperfiltration 20.7 7.1 0.15

HbA1c 6.8 6 1.9 6.2 6 0.7 0.53

Insulin sensitivity (1/IF) (mL/mU) 0.04 6 0.04 0.04 6 0.04 0.14

HDL cholesterol (mg/dL) 40 6 10 39 6 9 0.50

Triglycerides (mg/dL) 153 6 68 132 6 100 0.03

High triglycerides ($200 mg/dL) 20.7 15.9 0.57

Very high triglycerides ($500 mg/dL) 0.0 1.6 0.99

Data are mean6 SD, median (IQR), or percent. 1/IF, 1 / fasting insulin; ARB, angiotensin receptor
blocker.
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weremarkedly higher in youth with T2D
compared with adults, calling for novel
approaches to youth-onset T2D (5,19).
Given the suboptimal control achieved

with lifestyle and medical therapy in
youth-onset T2D to date, novel therapies
are required. MBS is currently the only
treatment available in obese youth with
T2D that leads to considerable weight
loss and at least a substantial improve-
ment in glycemic control in the majority
of patients as well as potential remission
of diabetes (9). Additionally, a recent
analysis suggested that adolescents
were more likely than adults to experi-
ence remission of T2D in response to
Roux-en-Y gastric bypass (20). However,
the LABS and Teen-LABS studies almost
exclusively used Roux-en-Y gastric

bypass, whereas vertical sleeve gastrec-
tomy is now the procedure of choice in
youth because of its improved safety
profile. Therefore, more data on vertical
sleeve gastrectomy in youth and on
longer-term outcomes of MBS are
needed to determine its impact on
youth-onset T2D and its complications.
In adults with T2D,MBS is recommended
for those with poorly controlled diabetes
and a BMI of $30 kg/m2, as supported
by several studies that have demon-
strated durable diabetes remission
(21,22). On the other hand, indications
for MBS in adolescents currently include
T2D with a BMI of $35 kg/m2 (23,24)
but are extrapolated from adult data
(25,26) because of the paucity of ado-
lescent studies. However, youth with BMI

values ,35 kg/m2 may well experience
equal or greater metabolic and renal
benefits compared with those with
BMI values $35 kg/m2, arguing for pro-
spective, longitudinal, controlled studies
to better define the role ofMBS in youth-
onset T2D.

In a prior analysis comparing meta-
bolic outcomes over 2 years of follow-up
in adolescents with severe obesity and
T2D from the TODAY and Teen-LABS
studies, we demonstrated worsening
of glycemic control and increased BMI
in participants receiving medical therapy
compared with remission of diabetes in
the majority of participants who had MBS
(almost exclusively Roux-en-Y gastric by-
pass) (9). In the current analysis, we
demonstrated a progressive worsening

Figure 1—BMI, HbA1c, insulin sensitivity, and triglycerides over 5 years in TODAY and Teen-LABS. Line charts for BMI (P , 0.0001) (A), HbA1c
(P, 0.0001) (B), insulin sensitivity (P5 0.0012) (C), and triglycerides (P, 0.0001) (D). Error bars indicate6SEM. Means and error bars were jittered
to avoid overlapping. P values are provided for the test of trajectory difference between groups over the study period (i.e., test for the existence of
group * time interaction terms).
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of glycemic control, insulin sensitivity,
hypertension, and DKD in adolescents
with T2D receiving medical therapy, and
substantial improvements of these out-
comes in those undergoing MBS over
5 years of follow-up. In our mediation
analyses, reduction in HbA1c was the
most influential mediator associated
with attenuation of elevated UAE and
hyperfiltration in adolescents undergo-
ing MBS. To a lesser extent, change in
triglycerides, BMI, and insulin sensitivity
were associated with attenuation of el-
evatedUAE and change in BMI andHbA1c
with hypertension. The role of BMI as a
mediator may relate to obesity-related
nephropathy separate from DKD, a find-
ing consistent with prior Teen-LABS data
demonstrating a decline in UAE over

3 years in response to MBS in severely
obese adolescents without T2D (6). Al-
though mean BMI differed at baseline
between the two study populations, BMI
values at 5 years of follow-up were not
statistically significantly different be-
tween Teen-LABS and TODAY partici-
pants, which probably contributed to
the nonsignificant differences in preva-
lence of hypertension at 5 years of
follow-up. The increase in SBP and
DBP observed in Teen-LABS participants
from 1 year after MBS to 5 years of
follow-up may relate to discontinuation
of antihypertensive medications.

Currently, it is incompletely under-
stood how MBS provides dramatic at-
tenuation of DKD. Proposedmechanisms
of MBS include improved insulin

sensitivity and insulin secretion through
incretin mediators such as glucagon-like
peptide 1 and peptide YY; enhanced
secretion of fibroblast growth factor,
which regulates bile acid synthesis
with effects on glucose and lipid metab-
olism; impact on the microbiome; and
improvements in endothelial and vascu-
lar function, among others (10,27–31).
Albeit speculative, the net effect of these
metabolic changes would likely be im-
proved substrate utilization and ATP
generation, which when coupled with
reduced renal energy expenditure
from attenuated hyperfiltration could
collectively mitigate renal hypoxia risk.

Our study has important strengths and
limitations. In terms of study design, it
is a secondary analysis of two different

Figure 2—eGFR, UACR, SBP, and DBP over 5 years in TODAY and Teen-LABS. Line charts for eGFR-FAS (P5 0.0243) (A), UACR (medians and IQRs) (B),
SBP (P, 0.0001) (C), and DBP (P5 0.0245) (D). Error bars indicate6SEM except for UACR. Means and error bars were jittered to avoid overlapping.
P values are provided for the test of trajectory difference between groups over the study period (i.e., test for the existence of group * time interaction
terms). All models were adjusted for baseline age, sex, BMI, HbA1c, insulin sensitivity, and antihypertensive medication use.
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subcohorts derived from two different
studies with distinct objectives. Baseline
matching for the two subcohorts were
based on age, sex, race/ethnicity, and
baseline BMI distributions in youth with
T2D, with additional confounders ac-
counted for in the multivariable models.
Despite matching, there were important
baseline differences between the two
cohorts, including higher BMI in the
Teen-LABS cohort at baseline compared
with TODAY. Yet, both studies were pro-
spective and had important similarities
in methodology. For instance, both used
the same central laboratory for analyses,
which provided an ideal opportunity to
compare eGFR and UACR outcomes be-
tween these cohorts of adolescents with

T2D. The small sample size, particularly in
the surgical group, limited our power to
detect changes in some outcomes. How-
ever, this limitation was offset by the
large effect sizes for important kidney
outcomes. ThewideCIs for theORs in the
fully adjusted models are also likely a
function of the small sample size and
should be acknowledged when interpret-
ing the output from these models. Other
limitations of our methods include use
of eGFR and estimated insulin sensitivity
rather than directly measured GFR and
insulin sensitivity. However, repeated
gold-standard assessments of GFR and
insulin sensitivity would have been dif-
ficult within such large, longitudinal
studies. Hyperfiltration may not imply

progressive nephropathy on the basis of
recent data from adults with type 1 di-
abetes in the Diabetes Control and Com-
plications Trial/Epidemiology ofDiabetes
Interventions and Complications (DCCT/
EDIC) (32), although the opposite has also
been demonstrated in adults with T2D
(33). Moreover, our data were limited to
random UACR collections rather than to
timed urine collections, and while UACR
was paired in TODAY, it was determined
from a single urine sample in Teen-LABS.
The strengths of our study include 5 years
of longitudinal data from the largest
multicenter studies of youth-onset T2D
to date, rigorously conducted with avail-
able data at several times points for
UACR, SBP, DBP, eGFR, and other

Figure 3—Hyperfiltration, elevated UAE, and hypertension over 5 years in TODAY and Teen-LABS. Line charts for hyperfiltration (P 5 0.0364)
(A), elevated UAE (P5 0.0003) (B), and hypertension (P5 0.0002) (C ). Error bars indicate6SE. Prevalence and error bars were jittered to avoid
overlapping. P values are provided for the test of trajectory difference between groups over the study period (i.e., test for the existence of group *
time interaction terms). Hyperfiltration and elevated UAE were adjusted for baseline age, sex, BMI, HbA1c, insulin sensitivity, triglycerides, and
antihypertensive use. Baseline antihypertensive use was not included in model for hypertension because of collinearity.
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important covariates (e.g., HbA1c, BMI).
Data on serum uric acid were not avail-
able in Teen-LABS, limiting our ability to
examine change in serum uric acid as a
mediator of group effect.
Although our data demonstrate a

marked attenuation of DKD in response
to MBS, the potential risks associated
with MBS should be recognized. Com-
plications of MBS include the possibility
of the need for repeat surgery, the re-
quirement for lifelong nutrient supple-
mentation to prevent or treat dietary
deficiencies, deleterious implications on
bone health, potential impacts on off-
spring, and the increasingly recognized
mental health burden. Clinical adverse
events in severely obese adolescents
with T2D in TODAY and Teen-LABS
have previously been reported (9). These
data demonstrated that 23% of partic-
ipants in Teen-LABS experienced com-
plications that required subsequent
operation and/or readmission related
or possibly related (e.g., cholecystec-
tomy for gallstones) to their prior bari-
atric surgery (9). However, Roux-en-Y
gastric bypass, the surgery done pre-
dominantly in Teen-LABS, appears to
have more complications than the cur-
rently preferred vertical sleeve gastrec-
tomy procedure. We do not yet know
the extent of complications with vertical
sleeve gastrectomy in adolescents with
T2D. Furthermore, MBS incurs a sub-
stantial initial cost. However. if evaluated
over a period of 5 years, current cost
predictions argue that MBS in severely

obese adolescents would be cost-effective
(34). Therefore, the benefit of MBS in
youth-onset T2D may outweigh the po-
tential morbidity and initial costs for the
carefully chosen patient in a specialized
and experienced medical center.

In summary, we demonstrate for the
first time to our knowledge that surgical
treatment of severely obese youth with
T2D is associated with substantially lower
odds of DKD over 5 years of follow-up
compared with standard medical ther-
apy. Further long-term outcome studies
for adolescents with T2D undergoing
bariatric surgery are needed to confirm
and refine these preliminary results in
addition to studies comparing bariatric
surgery to newer antidiabetic drugs, in-
cluding sodium–glucose cotransporter
2 inhibitors and glucagon-like peptide
1 agonists. Furthermore, studies are
needed to determine the nephroprotec-
tive effects of gastric bypass versus ver-
tical sleeve gastrectomy in youth with
T2D. Finally, future directions should also
include translational studies dedicated
to enhancing our understanding of the
mechanisms of surgical benefit and
identify potential novel nonsurgical ap-
proaches to DKD in youth-onset T2D.
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