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OBJECTIVE

Type 2 diabetes (T2D) is a leading cause of end-stage kidney disease worldwide.
Recent studies suggest a more aggressive clinical course of diabetic kidney dis-
ease in youth-onset compared with adult-onset T2D. We compared kidney struc-
tural lesions in youth- and adult-onset T2D to determine if youth onset was
associated with greater early tissue injury.

RESEARCH DESIGN AND METHODS

Quantitative microscopy was performed on kidney tissue obtained from research
kidney biopsies in 161 Pima Indians (117 women, 44 men) with T2D. Onset of
T2D was established by serial oral glucose tolerance testing, and participants
were stratified as youth onset (age <25 years) or adult onset (age ‡25 years).
Associations between clinical and morphometric parameters and age at onset
were tested using linear models.

RESULTS

At biopsy, the 52 participants with youth-onset T2D were younger than the 109
with adult-onset T2D (39.1 ± 9.9 vs. 51.4 ± 10.2 years; P < 0.0001), but their dia-
betes duration was similar (19.3 ± 8.1 vs. 17.0 ± 7.8 years; P 5 0.09). Median
urine albumin-to-creatinine ratio was higher in the youth-onset group (58
[25th–75th percentile 17–470] vs. 27 [13–73] mg/g; P5 0.02). Youth-onset partic-
ipants had greater glomerular basement membrane (GBM) width (552 ± 128 vs.
490 ± 114 nm; P5 0.002) and mesangial fractional volume (0.31 ± 0.10 vs. 0.27 ±
0.08; P 5 0.001) than adult-onset participants. Glomerular sclerosis percentage,
glomerular volume, mesangial fractional volume, and GBM width were also
inversely associated with age at diabetes onset as a continuous variable.

CONCLUSIONS

Younger age at T2D onset strongly associates with more severe kidney struc-
tural lesions. Studies are underway to elucidate the pathways underlying these
associations.

In the U.S., 13.7 million youth are obese and at increased risk for youth-onset type
2 diabetes (T2D) (1). Between 2002 and 2012, the incidence of youth-onset T2D
increased by 4.8% annually (2). Compounding this increase, youth-onset T2D exhib-
its a more pernicious metabolic phenotype compared with adult-onset T2D, includ-
ing greater insulin resistance and more rapid deterioration of b-cell function (3,4).
These factors result in worse glycemic control and increased risk of complications
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(1,4–7). We and others have established
that youth-onset T2D, which typically
manifests during or shortly after
puberty, carries significantly greater risk
of diabetic kidney disease (DKD) than
T1D or adult-onset T2D of similar dis-
ease duration (8–12). In the Treatment
Options for Type 2 Diabetes in Adoles-
cents and Youth (TODAY2) follow-up
study, we demonstrated that the 15-
year cumulative incidence of DKD was
>50%, documenting the serious health
risks encountered by these young adults
as they enter what otherwise could be
the most productive period of their lives
(9–13). Additionally, we found that Pima
Indians with youth-onset T2D experi-
enced substantially higher incidence of
end-stage kidney disease (ESKD) and
mortality than those with adult-onset
T2D (14).
Few studies have used kidney biop-

sies to examine the features and deter-
minants of early DKD in youth-onset
T2D, and no studies, to our knowledge,
have compared morphometric features
of early DKD in youth-onset versus
adult-onset T2D. Accordingly, we exam-
ined differences in structural lesions on
research kidney biopsies performed in
adults with youth-onset and adult-onset
T2D in an American Indian cohort. We
hypothesized that individuals with youn-
ger age at T2D onset would have more
severe structural lesions associated with
progressive DKD. Our findings may pro-
vide a morphometric framework to bet-
ter understand the high rates of DKD
progression and ESKD in youth-onset
T2D.

RESEARCH DESIGN AND METHODS

Study Participants and Design
Pima Indian persons from the Gila River
Indian Community in Arizona have a
high prevalence of T2D and a high inci-
dence of ESKD resulting from T2D.
Between 1965 and 2007, each member
of the community who was at least 5
years old was invited to participate in a
longitudinal study of the natural history
of diabetes and its complications, with
visits every 2 years that included an oral
glucose tolerance test after a 75-g oral
glucose load. The onset of T2D was
determined from these tests and from
review of clinical records between
these research examinations. In 1988,
informative subsets of individuals from

this population were selected to
undergo more detailed longitudinal
studies of kidney pathophysiology in
DKD, and many of these individuals con-
tinued to be followed for decades
(15,16). The current study was con-
ducted in a subset of 161 adult partici-
pants from the more detailed
longitudinal kidney studies who under-
went research kidney biopsies (17). For
132 participants, we also had data on
their mothers’ diabetes status over time
and, therefore, could identify partici-
pants who were and were not exposed
to diabetes in utero. The study was
approved by the Institutional Review
Board of the National Institute of Diabe-
tes and Digestive and Kidney Diseases.
Each participant provided written
informed consent.

Youth-Onset Versus Adult-Onset T2D
Ascertainment
Participants were stratified as having
either youth-onset (age <25 years) or
adult-onset T2D (age $25 years). Sev-
eral age-at-onset cutoffs have been
used to define youth-onset T2D, includ-
ing #18, <21, and <25 years. We
selected <25 years because this age at
onset is commonly used by other
groups (1,18,19) and is consistent with
the United Nations definition for youth
(https://www.un.org/en/global-issues/
youth). We also examined how the
parameters of structural injury were
related to age at onset as a continu-
ous variable.

Clinical and Kidney Function
Measures
Clinical and kidney function measure-
ments were obtained from the research
examination performed closest to the
kidney biopsy (median time from biopsy
23 days [interquartile range (IQR) 1–76
days]). Data on smoking history were
not collected at these examinations
because of the very low prevalence of
heavy smoking previously reported in
this population, which has prevented us
from linking smoking convincingly with
important health outcomes (20). Blood
pressure was measured twice while the
participant was resting in the seated
position and was averaged. Glomerular
filtration rate (GFR) and renal plasma
flow (RPF) were measured by the uri-
nary clearance of iothalamate and p-
aminohippurate (PAH), respectively. A

PAH extraction ratio of 0.85 was used
to compute RPF for the 143 participants
with GFR $80 mL/min and of 0.70 for
the 18 participants with GFR <80 mL/
min (21). The PAH clearance was
divided by the appropriate extraction
ratio to obtain the RPF. Filtration frac-
tion was then computed by dividing the
GFR by the RPF. Because of the unavail-
ability of PAH, we do not have meas-
ures of RPF or filtration fraction for
examinations after December 2014 (n 5
46). High-performance liquid chroma-
tography was used to measure the con-
centrations of iothalamate and PAH.
Urine albumin concentration was mea-
sured by nephelometric immunoassay
and urine creatinine by a modified Jaff�e
reaction until 1 August 2011, when this
was replaced by the enzymatic method
(17). Because there was a systematic lin-
ear difference between assays, results
from the Jaff�e method were adjusted to
be comparable with the enzymatic
method based on a formula derived
from samples measured by both meth-
ods (enzymatic urine creatinine 5
e[0.1703 1 1.0328 × log(Jaff�e urine creatinine])
(17). Albumin excretion was assessed by
the urine albumin-to-creatinine ratio
(ACR). Urine albumin concentrations
below the detection limit of the assay
(#6.8 mg/L) were set to 6.8 mg/L in
the analyses. HbA1c was measured by
high-performance liquid chromatogra-
phy. In addition to examining the clinical
and laboratory data at the research
examination closest to the kidney
biopsy, we retrieved HbA1c levels and
drug treatment data for participants
from all prior research examinations to
estimate long-term glycemic control
and long-term exposure to renin-
angiotensin-aldosterone system (RAAS)
blockers. There were no significant differ-
ences between age-at-onset groups in
either median number of examinations
included (n 5 9 [IQR 6–17] for youth-
onset T2D vs. n 5 8 [IQR 1–17] for
adult-onset T2D) or median time from
first examination to kidney biopsy (8.8
[IQR 5.1–13.9] years for youth-onset T2D
vs. 6.0 [IQR 0–14.4] years for adult-onset
T2D).

Morphometric Methods
Tissue was available from kidney biop-
sies performed between 2002 and
2017. Morphometric measurements were
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undertaken in 2016–17 using standard
methods, which are detailed elsewhere
(17). Briefly, unbiased systematic uni-
form random sampling of kidney biopsy
tissue sections provided digital images
for quantitative morphometric estimates
of DKD structural parameters by observ-
ers masked to the clinical data. Prede-
fined structural parameters quantified
included glomerular basement mem-
brane (GBM) width, cortical interstitial
fractional volume, glomerular mesangial
fractional volume, glomerular filtration
surface density, podocyte number den-
sity per glomerulus, and total filtration
surface area per glomerulus (22). Over
the course of the study, there was an
alteration in the protocols for fixation
and embedding of biopsy material for
light microscopy. Thirty-seven biopsies
were fixed with glutaraldehyde and
embedded in epon, and the remaining
124 biopsies were fixed with formalin
and embedded in paraffin. Mean glo-
merular volume was estimated using
the Weibel-Gomez method for samples
embedded in epon and the Cavalieri
method for samples embedded in paraf-
fin (17). We applied a correction factor
to glomerular volumes estimated by the
Weibel-Gomez method to make them
comparable to those obtained by the
Cavalieri method (mean glomerular vol-
ume by Cavalieri 5 0.7 mean glomerular
volume by Weibel) (17). Total glomerular
filtration surface area was the product
of surface density and mean glomerular
volume. Not all samples provided suffi-
cient tissue for all light microscopy
measurements.

Statistical Analysis
Patient characteristics are expressed
as means ± SD or medians (25th–75th
percentile) for skewed distributions;
qualitative variables are presented as
frequencies and percentages. Glomer-
ular sclerosis percentage was cube
root transformed because of positive
skew.

Continuous variables were compared
using t tests or Wilcoxon tests; qualita-
tive variables were compared using x2

tests. Morphometric parameters were
compared in participants with youth-
onset and adult-onset T2D using linear
models adjusted for GFR, HbA1c, sex,
age at biopsy, and BMI. Models for glo-
merular sclerosis percentage and cor-

tical interstitial fractional volume were
also adjusted for embedding media.
Similar linear models were used to test
the association between age at onset as
a continuous variable and morphometric
parameters. For visualizing results, we
plotted the residuals for age at onset
and the structural measures of interest
from the adjusted models and calcu-
lated Pearson correlation coefficients.

Statistical analyses were performed
with SAS version 9.4 (SAS Institute,
Cary, NC), R statistical software version
3.6.3, and GraphPad Prism software ver-
sion 8.0 (La Jolla, CA). P values <0.05
were considered statistically significant.
Analyses were considered exploratory
and hypothesis generating, and we did
not adjust for multiple comparisons.

Data and Resource Availability
The data sets generated and analyzed
during this study are available from the
corresponding author upon reasonable
request.

RESULTS

Cohort Description
Of the 161 participants (117 women, 44
men), 52 had youth-onset T2D and 109
had adult-onset T2D. Participant charac-
teristics stratified by youth-onset/adult-
onset T2D are summarized in Table 1.
Average age at T2D diagnosis among
those defined as having youth-onset
T2D was 19.8 ± 4.2 (range 7.4–24.7)
years; among those with adult-onset
T2D, it was 34.4 ± 7.5 (range 25.0–56.6)
years (Fig. 1). Participants with youth-
onset T2D were younger, on average, at
the time of biopsy than those with
adult-onset T2D (39.1 ± 9.9 vs. 51.4 ±
10.2 years; P < 0.0001), but their diabe-
tes duration at biopsy was similar (19.3
± 8.1 vs. 17.0 ± 7.8 years; P 5 0.09).
There were slightly more women diag-
nosed with youth-onset T2D than adult-
onset T2D (81 vs. 69%; P 5 0.11), and
HbA1c was higher (10.2 ± 2.3 vs. 9.2 ±
2.1%; P 5 0.006) and BMI lower (34.0 ±
8.9 vs. 36.9 ± 7.3 kg/m2; P 5 0.03) in
the youth-onset group at the research
examination closest to the kidney
biopsy. Long-term glycemic control prior
to the kidney biopsy was also poorer in
the youth-onset T2D group, with the
HbA1c from studies conducted prior to
the kidney biopsy averaging 10.0 ± 1.8%
compared with 8.9 ± 1.8% in the adult-

onset T2D group (P 5 0.001). Median
ACR (58 [IQR 17–470] vs. 27 [13–73]
mg/g; P 5 0.02) and mean GFR (155 ±
56 [range 49–305] vs. 138 ± 52
[40–320] mL/min; P 5 0.06) were also
higher in the youth-onset group. Use of
RAAS blockers did not differ significantly
between the youth- and adult-onset
T2D groups regardless of whether their
use was determined at the examination
closest to the kidney biopsy or at all
research examinations conducted prior
to the kidney biopsy.

Structural Differences in Youth-
Onset T2D Versus Adult-Onset T2D
Compared with participants with adult-
onset T2D, those with youth-onset T2D
exhibited greater GBM width (mean ±
SD 552 ± 128 vs. 490 ± 114 nm; P 5
0.002) and mesangial fractional volume
(0.31 ± 0.10 vs. 0.27 ± 0.08; P 5 0.001)
after adjusting for sex, age at biopsy,
HbA1c, GFR, and BMI (Fig. 2). Differ-
ences in cortical interstitial fractional
volume, mean glomerular volume, and
glomerular sclerosis percentage were
not statistically significant after multi-
variable adjustments. These findings
are similar to the univariable analyses,
with the exception that glomerular
sclerosis percentage was not statisti-
cally significantly different between the
two groups in univariable analyses
(Table 2 and Supplementary Table 1).
When age at T2D onset was examined
as a continuous variable, younger age
at T2D onset was associated signifi-
cantly with greater glomerular sclerosis
percentage, podocyte numeric density
per glomerulus, mean glomerular vol-
ume, mesangial fractional volume, and
GBM width and lower glomerular filtra-
tion surface density after multivariable
adjustments (Fig. 2 and Supplementary
Table 2). Younger age at T2D onset was
not associated significantly with corti-
cal interstitial fractional volume or
total glomerular filtration surface area
in multivariable models.

Exposure to Diabetes In Utero
While there was no significant differ-
ence in the proportion of participants
exposed to diabetes in utero in the
two age-at-onset groups (Table 1),
those exposed to diabetes in utero
had a younger mean age at onset of
diabetes (21.9 ± 9.3 years) compared
with the nonexposed (mean 29.5 ±
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8.7 years) in the subset of 132 par-
ticipants with data on maternal dia-
betes status during pregnancy (P 5
0.003).

Sensitivity Analyses
When ACR was added to the multivari-
able models, the results for GBM width,
mesangial fractional volume, surface

density, and number density of podo-
cytes per glomerulus remained statisti-
cally significantly different between the
youth-onset and adult-onset groups. In
addition, GBM width, mesangial frac-
tional volume, glomerular filtration
surface density, glomerular sclerosis
percentage, and podocyte number den-
sity per glomerulus remained statisti-
cally significantly associated with age at
onset of T2D as a continuous variable
(data not shown).

CONCLUSIONS

In Pima Indians with T2D, youth-onset
T2D was associated with more severe
structural lesions of diabetic kidney
injury than adult-onset T2D of similar
duration. The structural lesions most
prominently associated with youth-onset
T2D, mesangial expansion and thickened
GBM, were among the key structural

Table 1—Description of the population

Youth-onset T2D (n = 52)* Adult-onset T2D (n = 109)† P

Age at diabetes onset, years 19.8 ± 4.2 34.4 ± 7.5 —

Female sex, % 81 69 0.11‡

Insulin therapy, % 52 44 0.35‡

RAAS therapy, % 54 62 0.30‡

Ever had RAAS therapy, %§ 75 80 0.49‡

Age at biopsy, years 39.1 ± 9.9 51.4 ± 10.2 <0.0001

Diabetes duration at biopsy, years 19.3 ± 8.1 17.0 ± 7.8 0.09

HbA1c, % 10.2 ± 2.3 9.2 ± 2.1 0.006

HbA1c, mmol/mol 88 ± 25 77 ± 23 0.006

Mean HbA1c over course of study, %§ 10.0 ± 1.8 8.9 ± 1.8 0.0004

Mean HbA1c over course of study, mmol/mol§ 86 ± 20 74 ± 19 0.0004

BMI, kg/m2 34.0 ± 8.9 36.9 ± 7.3 0.03

SBP, mmHg 123 ± 14 122 ± 16 0.59

DBP, mmHg 77 ± 11 74 ± 10 0.13

Cholesterol, mg/dL 155 ± 35 158 ± 38 0.73

Triglycerides, mg/dL 153 (97–233) 128 (107–198) 0.54jj
ACR, mg/g 58 (17–470) 27 (13–73) 0.02jj
GFR, mL/min 155 ± 56 138 ± 52 0.06

RPF, mL/min 734 ± 265 685 ± 246 0.34

Filtration fraction 0.21 ± 0.07 0.20 ± 0.05 0.45

Exposed to diabetes in utero, % 13 9 0.51‡

Data are presented as percentage, mean ± SD, or median (IQR). P values were determined using t tests unless otherwise indicated. DBP, dia-
stolic blood pressure; SBP, systolic blood pressure. *n = 44 for cholesterol and triglycerides; n = 46 for exposed to diabetes in utero; n = 37
for RPF and filtration fraction. †n = 108 for ACR and n = 102 for cholesterol and triglycerides; n = 86 for exposed to diabetes in utero; n = 78
for RPF and filtration fraction. ‡x2 test. §Median observation time prior to biopsy examination was 8.8 (IQR 5.1–13.9) years for youth-onset
and 6.0 (IQR 0–14.4) years for adult-onset T2D (P = 0.63 for difference between groups). jjWilcoxon rank sum test.
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Figure 1—Distribution of age at onset of diabetes.
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predictors of declining kidney function
identified previously in this population
(23). The youth-onset T2D group also
had a more severe clinical phenotype,

reflected by their higher mean HbA1c
and higher median ACR. These findings
illustrate the extreme phenotype of DKD
in youth-onset T2D and provide a

structural framework for the higher
rates of DKD and ESKD observed in
youth-onset T2D compared with adult-
onset T2D noted in past studies
(5,6,11,14). Collectively, these data may
help explain the serious personal and
public health consequences of this
diagnosis.

The structural lesions observed on
research kidney biopsies in the Pima
Indians are exclusively attributable to
diabetes (24) and are more homoge-
nous than those reported in other pop-
ulations with T2D (25,26). They are
present very early, typically before the
onset of clinically detectable kidney dis-
ease (17,23,24). We have also shown
that these early mild lesions strongly
predict the subsequent decline in kid-
ney function characteristic of DKD (23).
Moreover, study participants who have
undergone serial kidney biopsy have
shown worsening of the structural
parameters, and these structural
changes correlate with a decline in GFR
and increase in albuminuria (17).
Although safety concerns prevented us
from acquiring kidney tissue in nondia-
betic Pima Indians, comparison with
structural parameters measured in kid-
ney tissue from healthy living donors
demonstrated significantly higher
mesangial fractional volume and GBM
thickness in Pima Indians with diabetes
with normoalbuminuria and normal
GFR than in healthy donors (24).

Diabetes in Pima Indian children and
adolescents was first identified in the
mid-1960s with the initiation of the lon-
gitudinal population study. Studies con-
firmed that this youth-onset diabetes
was entirely T2D, because it was charac-
terized by ongoing insulin secretion and
lack of insulin dependence, absent or
low levels of islet cell and glutamic acid
decarboxylase antibodies, and absence
of strong linkage or association with
maturity-onset diabetes of youth loci
(16). The prevalence of youth-onset T2D
in Pima Indians has increased in recent
years, in part because of a growing inci-
dence of exposure to intrauterine diabe-
tes as well as an increasing prevalence
and severity of obesity in childhood and
adolescence (27). These trends have
also led to an increase in the frequency
of DKD in midlife and to a fivefold
greater risk of diabetic ESKD between
the ages of 25 and 54 years among
Pima Indians with youth-onset T2D
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Figure 2—Association of kidney structure with age at onset of diabetes. A: GBM width. B:
Mesangial fractional volume. C: Glomerular filtration surface density. D: Podocyte number den-
sity per glomerulus. E: Glomerular sclerosis percentage. F: Mean glomerular volume. Left col-
umn shows association of structural measure in youth-onset and adult-onset T2D with P values
from generalized linear models adjusted for age, sex, HbA1c, BMI, and GFR. Right column shows
correlation of residuals for each structural measure and age at onset of diabetes adjusted for
age, sex, HbA1c, BMI, and GFR. In panel E, models are based on cube root values because of
positive skew of measure and are adjusted for embedding media in addition to other
covariates.
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compared with those with older-onset
diabetes (14). The increasing frequency
of DKD in midlife among Pima Indians
exposed to intrauterine diabetes is
explained largely by their earlier age at
onset of diabetes, but this exposure
may also adversely affect nephron
development (28). Low birth weight
may also adversely affect nephron
endowment in Pima Indians, enhancing
the risk of DKD in those who subse-
quently develop T2D (29). A rise in

youth-onset T2D is now reported in
populations worldwide, and its impact
on DKD is becoming increasingly appar-
ent (2).

The prospective longitudinal data in
the TODAY study showed that DKD
develops early in the course of youth-
onset T2D, with >50% developing
microalbuminuria by 15 years of diabe-
tes (11). These rates are higher than
those reported in adults with T1D and
adult-onset T2D (30). Findings from

the SEARCH for Diabetes in Youth also
indicated that youth-onset T2D associ-
ated with over twofold greater odds of
DKD than youth-onset T1D (5). In the
landmark International Diabetic Nephrop-
athy Study (IDNS), investigators per-
formed research kidney biopsies on 243
youth with T1D (mean age 16.8 years)
(31). The morphometric data generated
from IDNS were instrumental in the
understanding of early DKD pathogenesis
in T1D. To our knowledge, no prior struc-
tural data exist on those with youth-
onset T2D, who carry a substantially
higher risk of DKD than those with T1D
(32).

The reasons for the more severe
structural lesions of diabetic kidney
injury in youth-onset T2D are unknown
but may be affected by the extreme
metabolic phenotype observed in these
patients, including severe insulin resis-
tance and rapid worsening of b-cell
function, as well as the challenging
socioeconomic circumstances of many
of these patients (33). Exposure to dia-
betes in utero is associated with youn-
ger age at onset of diabetes (34). In this
study, we did not see any difference in
the prevalence of exposure in utero in
the youth-onset and adult-onset groups,
possibly because of the low number of
participants exposed to diabetes in
utero. Therefore, we do not view in
utero exposure as an important mecha-
nism explaining the observed difference
in kidney structure described here.
Ongoing studies by our group that
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Figure 2—Continued.

Table 2—Structural differences of diabetic kidney injury in youth-onset versus adult-onset T2D after multivariable
adjustments

Youth-onset T2D
(n 5 52)*

Adult-onset T2D
(n 5 109)† P P‡ P§

GBM width, mm 552 ± 128 490 ± 114 0.002 0.0001 0.002

Mesangial fractional volume 0.31 ± 0.10 0.27 ± 0.08 0.03 0.0002 0.001

Cortical interstitial fractional volumejj 0.17 ± 0.04 0.18 ± 0.05 0.53 0.39 0.40

Mean glomerular volume, × 106 mm3 2.77 ± 1.13 2.38 ± 0.90 0.03 0.08 0.07

Glomerular sclerosis, %jj¶ 0.04 (0.00–0.11) 0.05 (0.00–0.17) 0.52 0.09 0.07

Glomerular surface density, mm2/mm3 0.09 ± 0.03 0.10 ± 0.04 0.08 0.003 0.008

Podocyte number density per glomerulus, 106 mm3 113 ± 79 148 ± 123 0.03 0.02 0.02

Total glomerular filtration surface area, 105 mm2 0.23 ± 0.10 0.23 ± 0.12 0.78 0.11 0.13

Data are presented as mean ± SD or median (IQR). P values are for univariate analyses and were determined using t tests. *Except n 5 47
for glomerular sclerosis percentage; n 5 46 for mean glomerular volume and total filtration surface area; n 5 45 for cortical interstitial frac-
tional volume. †Except n 5 89 for glomerular sclerosis percentage; n 5 92 for mean glomerular volume and total filtration surface area; n 5
86 for cortical interstitial fractional volume. ‡Adjusted for sex and age at biopsy. §Adjusted for sex, age at biopsy, HbA1c, GFR, and BMI.
jjModels also adjusted for embedding media. ¶Cube root transformation because of positive skew.
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leverage tissue-level RNA sequencing
and metabolomics will expand our
understanding of the molecular and
metabolic determinants contributing to
the more severe structural lesions in
youth-onset versus adult-onset T2D.
Such investigations hold promise to
uncover novel therapeutic targets that
can mitigate the high risk of DKD in
youth-onset T2D.

Youth-onset T2D is also characterized
by a suboptimal response to currently
approved medical therapies (35), com-
pounded by major challenges in adher-
ence and management because of age
and socioeconomic factors (36). The cur-
rent mainstays of therapy to mitigate
DKD risk in adult-onset T2D include
RAAS blockade and sodium–glucose
cotransporter 2 inhibitors and glucagon-
like peptide 1 receptor agonists (GLP-
1–RA) (37–39). Neither sodium–glucose
cotransporter 2 inhibitors nor GLP-1–RA
were available to participants at the
time of our study. Moreover, despite
these therapeutic advances, the only
U.S. Food and Drug Administration–ap-
proved medications for youth-onset
T2D are metformin and insulin, with the
recent addition of GLP-1–RA. Impor-
tantly, the TODAY and Restoring Insulin
Secretion (RISE) trials have shown us
that kidney physiology may be different
in youth-onset T2D versus adult-onset
T2D (3,4). Understanding the unique
pathophysiology of DKD in youth-onset
T2D is a necessary first step to design
efficient trials that focus on this high-
risk group (3,4).

This study has important strengths
and limitations. Strengths include the
large number of participants with
youth- and adult-onset T2D and com-
prehensive morphometric examinations
of tissue from research kidney biopsies.
In addition, serial oral glucose tolerance
testing permitted accurate ascertain-
ment of T2D onset and duration. Small
differences in the mean diabetes dura-
tion between the youth- and adult-
onset T2D groups may affect the extent
of structural injury, but its impact is
likely to be small relative to the effects
of the more aggressive metabolic phe-
notype in the youth-onset group. More-
over, the evidence of more severe
kidney lesions in the participants with
youth-onset T2D is consistent with epi-
demiologic data showing higher rates of
DKD progression and ESKD in this high-

risk group (8,14). In the present analysis,
more women than men participated,
which may confound our findings
because of potential sexual dimorphism
of structural lesions in DKD. The time
interval between the clinical measure-
ments (GFR, RPF, and ACR) and the kid-
ney biopsies was between 0.03 and 12.6
months. Because structural changes of
diabetic kidney injury typically take sev-
eral years to manifest, potential con-
founding by the temporal variability of
hemodynamic and morphometric
parameters was likely modest. The issue
of confounding is complicated by the
possibility that some potential confound-
ers may also be on the causal pathway
between age at T2D onset and kidney
structural injury. Accordingly, we
reported adjusted and unadjusted rela-
tionships between the T2D-onset groups
and structural injury. By any of these
approaches, the structural differences
observed between the youth-onset
and adult-onset T2D groups were pre-
served, suggesting a robust relation-
ship between youth-onset T2D and
greater structural injury. We did not
have glucose measures during preg-
nancy, so we were not able to identify
cases of gestational diabetes. Further-
more, we did not have data on birth
weight for a majority of participants,
which prevented us from evaluating
the impact of being large or small for
gestational age on structural parame-
ters of diabetic kidney injury. Historic
glycemic control may be an important
confounder of the differences observed
in structural lesions between youth-
onset T2D and adult-onset T2D, but
this cannot be meaningfully examined
in our cross-sectional analyses and
would be better addressed in larger
population cohorts. Although we were
unable to assess glycemic control
throughout the entire diabetes course
in these individuals, HbA1c was higher
in youth-onset T2D than in adult-onset
T2D at the research examination
closest to the kidney biopsy and, on
average, at all research examinations
conducted prior to the kidney biopsy,
suggesting that differences in glycemic
control may explain at least some of
the differences in kidney structure that
we observed. Similarly, although we
cannot determine the full duration of
treatment with RAAS blockers in study
participants, we did not observe a

statistically significant difference with
this treatment in the two groups by
two different approaches, suggesting
that RAAS therapy did not contribute
appreciably to the structural differ-
ences we observed. Finally, youth-
onset T2D affects many racial and eth-
nic groups. Although Pima Indians are
just one such group, findings in this
population have consistently been gen-
eralizable to other racial and ethnic
groups (16).

In conclusion, younger age at T2D
onset was associated strongly with the
glomerular structural lesions that best
predict progression to ESKD. Uncovering
the metabolic and molecular mecha-
nisms contributing to these structural
differences may provide new therapeu-
tic targets for DKD in youth-onset T2D.
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