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BACKGROUND. In type 1 diabetes (T1D), impaired insulin sensitivity may contribute to the development of diabetic kidney 
disease (DKD) through alterations in kidney oxidative metabolism.

METHODS. Young adults with T1D (n = 30) and healthy controls (HCs) (n = 20) underwent hyperinsulinemic-euglycemic clamp 
studies, MRI, 11C-acetate PET, kidney biopsies, single-cell RNA-Seq, and spatial metabolomics to assess this relationship.

RESULTS. Participants with T1D had significantly higher glomerular basement membrane (GBM) thickness compared 
with HCs. T1D participants exhibited lower insulin sensitivity and cortical oxidative metabolism, correlating with higher 
insulin sensitivity. Proximal tubular transcripts of TCA cycle and oxidative phosphorylation enzymes were lower in T1D. 
Spatial metabolomics showed reductions in tubular TCA cycle intermediates, indicating mitochondrial dysfunction. 
The Slingshot algorithm identified a lineage of proximal tubular cells progressing from stable to adaptive/maladaptive 
subtypes, using pseudotime trajectory analysis, which computationally orders cells along a continuum of states. This 
analysis revealed distinct distribution patterns between T1D and HCs, with attenuated oxidative metabolism in T1D 
attributed to a greater proportion of adaptive/maladaptive subtypes with low expression of TCA cycle and oxidative 
phosphorylation transcripts. Pseudotime progression associated with higher HbA1c, BMI, and GBM, and lower insulin 
sensitivity and cortical oxidative metabolism.

CONCLUSION. These early structural and metabolic changes in T1D kidneys may precede clinical DKD.
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terns of cellular progression and their association with metabolic 
and structural parameters.

Results
Clinical characteristics of cohort. Participant characteristics are 
summarized in Table 1. Participants with T1D were similar to the 
HCs in age (24 ± 3 vs. 25 ± 3 years) and BMI (25 ± 3 vs. 23 ± 2 kg/
m2) with an even distribution of men and women in each group. 
Participants with T1D had a diabetes duration of 13 ± 5 years, an 
average HbA1c of 7.5 ± 1.0, compared with 5.1 ± 0.3% in HCs, and 
97% were using traditional insulin pumps or automated insulin 
delivery systems at time of study with continuous glucose monitor 
glucose (CGMg). By design, none of the participants exhibited evi-
dence of elevated albuminuria or impaired estimated GFR (e.g., 
<60 mL/min per 1.73 m2) at screening. Urine albumin excretion 
rates at 24-hour collection were similar between participants with 
and without T1D. Total cholesterol, LDL cholesterol (LDL-C), and 
triglycerides were similar between participants with and without 
T1D. HDL cholesterol (HDL-C) was slightly higher in participants 
with T1D (54.5 ± 12.7 vs. 47.5 ± 9.9 mg/dL, P = 0.05). None of the 
participants were treated by renin-angiotensin-system–acting 
(RAS-acting) agents (angiotensin-converting enzyme inhibitors 
[ACEi] or angiotensin II receptor blockers [ARB]), statins, met-
formin, sodium-glucose cotransporter-2 inhibitors (SGLT2i), or 
glucagon-like peptide-1 receptor agonists (GLP1-RA).

Body composition, whole-body, and adipose insulin sensitivity. 
Participants with T1D demonstrated greater body fat percentages 
(30.4% ± 7.5% vs. 25.0% ± 6.1%, P = 0.01) and fat mass (22.8 ± 6.9 
vs. 16.2 ± 4.3 kg, P < 0.0001) on dual energy x-ray absorptiometry 
(DXA). No significant differences in lean mass and muscle mass 
were observed between the 2 groups (Table 1). Participants with 
T1D were less insulin sensitive than the HC group (7.8 ± 2.6 vs. 14.3 
± 4.0 mg/kg/min, P < 0.0001) during hyperinsulinemic-euglyce-
mic clamps, and the difference between the 2 groups remained 
similar in magnitude and significance after normalizing by lean 
mass and adjusting for steady -state insulin concentrations (Table 
1). These differences also remained significant after adjusting for 
body fat percentage.

Baseline nonesterified fatty acid (NEFA) concentrations were 
higher in those with T1D (1164.9 ± 640.2 vs. 808.6 ± 280.8 μM,  
P = 0.03). Additionally, NEFA suppression in response to 8 mU/
m2/min insulin infusion was attenuated in T1D versus HCs 
(LSmean [95% CI]: 55.1% [47.8, 62.4] vs. 80.4% [71.4, 89.3]%, P = 
0.001) and 40 mU/m2/min (LSmean [95% CI]: 89.9% [85.7, 94.1] 
vs. 96.9% [91.8, 102], P = 0.047) after adjusting for baseline NEFA 
concentrations and body fat percentage (Table 1).

Measured GFR and RPF, and intraglomerular hemodynamic 
parameters. Measured GFR was similar in participants with and 
without T1D (147 ± 22 vs. 145 ± 29 mL/min, P = 0.78) and no par-
ticipant in either group had a measured GFR less than 90 mL/min. 
Likewise, RPF was similar in the 2 groups, although renal vascular 
resistance (RVR) was lower and glomerular pressure (PGLO) was 
higher in T1D compared with HCs (Table 2).

Kidney structure and function parameters by multiparametric 
MRI. Total kidney volume (TKV) and apparent diffusion coeffi-
cients (ADC) by MRI were similar between T1D and HCs (Table 2). 
Participants with T1D exhibited lower kidney perfusion by pseu-

Introduction
Insulin resistance (IR) is prevalent in children and adults with 
type 1 diabetes (T1D) and often accompanies intensive glycemic 
therapy. The presence of IR may promote oxidative stress and 
inflammation, potentially contributing to mitochondrial dysfunc-
tion (1–4). Diabetic kidney disease (DKD) is common in people 
with longstanding T1D, often progresses to kidney failure requir-
ing dialysis or kidney transplantation, and markedly augments 
risks of cardiovascular disease and premature death (5, 6). IR is 
implicated in the pathogenesis of DKD, yet the molecular and 
metabolic underpinnings of IR on kidney function and structure 
are incompletely understood. Characterizing the molecular and 
metabolic effects of IR on early kidney injury within the context 
of contemporary diabetes management (e.g., continuous glucose 
monitoring [CGM] and automated insulin delivery systems) and 
identifying modifiable risk factors could lead to more effective and 
targeted therapies to prevent development of progressive DKD.

This study sought to comprehensively characterize whole-
body insulin sensitivity and kidney oxidative metabolism and 
how they relate to kidney structure, body habitus, and glycemic 
control in young adults with and without T1D and preserved 
kidney function. We enrolled young adults with T1D prescribed 
contemporary diabetes technology who had normotension and 
normal kidney function without albuminuria. This approach 
allowed us to study early metabolic perturbations prior to the 
onset of clinically apparent kidney disease while minimizing the 
confounding effects of important comorbidities on these per-
turbations. In 30 young adults with T1D and 20 healthy controls 
(HCs), we implemented rigorous metabolic and kidney pheno-
typing including measuring whole-body insulin sensitivity by 
hyperinsulinemic-euglycemic clamps, glomerular filtration rate 
(GFR) by iohexol clearance, renal plasma flow (RPF) by p-ami-
nohippurate clearance, and kidney perfusion and oxygenation 
by multiparametric kidney MRI. A subset of participants also 
underwent optional research kidney biopsies (n = 40) with state-
of-the-art molecular (single-cell RNA-Seq [scRNA-Seq]), meta-
bolic (spatial metabolomics), and morphometric interrogation of 
kidney tissue as well as quantification of kidney oxidative metab-
olism using PET (n = 23) to determine 11C-acetate turnover in the 
TCA cycle. Additionally, we performed pseudotime trajectory 
analysis using the Slingshot algorithm to identify distinct pat-
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adjusting for kidney perfusion (geometric mean 
[95% CI] R2*: 26.2 [25.0, 27.4] vs. 28.4 [26.9, 
29.8] s–1, P = 0.03). Furosemide-suppressible 
oxygen consumption (FSOC) by BOLD MRI was 
similar between the 2 groups and remained sim-
ilar after adjusting for kidney perfusion.

Assessment of kidney oxidative metabolism by 
11C-acetate PET (substudy). Sixteen participants 
with T1D and 11 HCs underwent the option-
al 11C-acetate PET/CT scan (n = 27). Cortical 
uptake of 11C-acetate tracer (K1) was similar in 
participants with T1D and HC. In voxel-wise 
models, average cortical oxidative rate (k2) was 
approximately 11% lower in T1D compared 
with HCs (average: 0.16 ± 0.02 vs. 0.18 ± 0.02 
min–1, P = 0.04, Table 2 and Figure 1). Average 
medullary oxidative rate (k2) was approximately 
17% lower in T1D compared with HCs in vox-
el-wise models (average: 0.15 ± 0.03 vs. 0.18 ± 
0.02 min–1, P = 0.04, Table 2 and Figure 1). The 
difference in cortical and medullary oxidative 
rates did not reach statistical significance in 
the regions of interest (ROI) pharmacokinetic 
(PK) analyses, suggesting regional variations in 
kidney oxidative metabolism that may not be 
apparent in global analysis.

Cortical oxidative rate (k2) correlated with 
higher whole-body insulin sensitivity (r: 0.42,  
P = 0.04), and remained significant after adjust-
ing for age, sex, and HbA1c (β ± SE: 0.005 ± 
0.002, P = 0.02). Similar associations were 
observed for medullary k2 when adjusting for 
age, sex, and HbA1c.

Morphometric evaluation of kidney tissue (sub-
study). Twenty-eight participants with T1D and 
12 HCs underwent optional research kidney 
biopsies (n = 40). By light microscopy, fractional 
interstitial area, glomerular tuft area, glomeru-
lar volume, and mesangial matrix volume and 
index were similar between the 2 groups (Table 
3). Glomerular nuclear count was lower in partic-
ipants with T1D compared with HCs. By electron 
microscopy, glomerular basement membrane 
(GBM) thickness was significantly higher in T1D 
than in HCs (median GBM width [p25, p75]: 
521.5 [438.1, 646.8] vs. 446.7 [409.1, 473.5], P = 
0.007). Next, we examined associations between 
GBM thickness and PET parameters. GBM thick-
ness correlated inversely with kidney medullary 
perfusion by 11C-acetate PET (r: –0.48, P = 0.03). 
All correlations are summarized in Figure 2. All 

correlations adjusted for sex, HbA1c, and age are summarized in 
Supplemental Figure 1 (supplemental material available online with 
this article; https://doi.org/10.1172/JCI183984DS1).

Transcriptomic interrogation of kidney tissue (substudy). The 
kidney tissue obtained from the biopsies also underwent tran-
scriptomic and metabolomic interrogation. scRNA-Seq profiles 

do-continuous arterial spin labeling (pCASL) MRI than HCs (196 ± 
68 vs. 243 ± 48 mL/min/100 g, P = 0.01). We found no difference 
in cortical oxygenation by blood oxygen level–dependent (BOLD) 
MRI between participants with and without T1D (Table 2). Medul-
lary oxygenation was higher (i.e., lower R2*, hyperoxia) in individ-
uals with T1D than in HCs (P = 0.04) and was accentuated when 

Table 1. Participants characteristics, DXA, and clamps stratified by groups

HC 
(n = 20)

T1D 
(n = 30)

P value

Demographics, anthropometrics, and vital signs
Age (years) 25 ± 3 24 ± 3 0.04
Sex n (%) Female 9 (45%) 16 (53%) 0.56

Male 11 (55%) 14 (47%)
Race/Ethnicity n (%) Asian 1 (5%) 0 (0) 0.22

Black or African-American 1 (5%) 0 (0)
White 18 (90%) 28 (93%)
Other 0 (0%) 2 (7%)

Height (cm) 171 ± 8 175 ± 9 0.10
Weight (kg) 68 ± 10 75 ± 13 0.03
BMI (kg/m2) 23 ± 2 25 ± 3 0.10
HbA1c (%) 5.1 ± 0.3 7.5 ± 1.0 <0.001
T1D duration (years) – 13.3 ± 5.3 –
Systolic BP (mmHg) 124 ± 15 122 ± 14 0.69
Diastolic BP (mmHg) 77 ± 11 77 ± 10 0.94
Heart rate (bpm) 74 ± 9 74 ± 11 0.93
Lipids

Total cholesterol (mg/dL) 149.9 ± 25.7 155.8 ± 23.6 0.34
LDL-C (mg/dL) 87.7 ± 22.3 89.6 ± 20.9 0.76
HDL-C (mg/dL) 47.5 ± 9.9 54.5 ± 12.7 0.05
Triglycerides (mg/dL) 80.0 [61.0,91.5] 75.5 [65.5,94.0] 0.89

Kidney function
Serum creatinine (mg/dL) 0.84 ± 0.15 0.79 ± 0.14 0.28
Urine albumin excretion rate (24 hours) (μg/min) 7 (4,10) 5 (4,7) 0.49

Medication use
CGM (%) – 24 (75%) –
CSII (%) – 31 (97%) –
Total daily insulin (U) – 35 (26,50) –

DXA
Total body fat percentage (%) 25.07 ± 6.14 30.41 ± 7.49 0.01
Fat mass (kg) 16.18 ± 4.26 22.77 ± 6.86 <0.001
Lean mass (kg) 46.58 ± 9.59 49.61 ± 10.38 0.31
Trunk mass (kg) 30.02 ± 5.18 34.67 ± 5.95 0.01
Muscle mass (kg) 23.62 ± 5.99 24.93 ± 6.22 0.47

Hyperinsulinemic-euglycemic clamps
M-value (mg/kg/min)A 13.8 ± 0.7 8.3 ± 0.6 <0.001
M-value (mg/kg lean/min)A 20.6 ± 1.2 12.3 ± 1.0 <0.001
Baseline NEFA (μM) 808.6 ± 280.8 1164.9 ± 640.2 0.031
NEFA suppression (%) in response to 8 mU/m2/minB 80.4 ± 4.43 55.1 ± 3.62 <0.001
NEFA suppression (%) in response to 40 mU/m2/minB 96.9 ± 2.53 89.9 ± 2.07 0.047

Continuous variables are shown as means ± SD or median (25th, 75th)percentiles and were 
tested using t test or Mann-Whitney U test. Categorical variables are shown as counts 
(percentage) and were tested using χ2 test or Fisher’s exact test. CSII, continuous subcutaneous 
insulin infusion. AM-values shown as adjusted mean ± SEM adjusting for measured GFR and 
body fat percentage. BNEFA suppression shown as adjusted mean ± SEM adjusting for baseline 
NEFA and body fat percentage.
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Metabolomic interrogation of kidney tissue 
(substudy). Kidney tissue from the subset of par-
ticipants with spatial metabolite data (T1D, n = 
16; HC, n = 7) revealed significantly lower tubu-
lar relative abundance of the TCA metabolites 
α-ketoglutaric acid (–5.48 [95% CI: –10.2, –0.73; 
P = 0.03]), succinic acid (–8.66 [95% CI: –16.5, 
–0.80, P = 0.04]), and fumaric acid (–8.63 [95% 
CI: –16.5, –0.81; P = 0.04]) in T1D compared with 
HCs (Table 5 and Figure 3). Next, we examined 
correlations among GBM thickness, cortical oxi-
dative rate (k2), and tubular TCA metabolites. 
GBM thickness correlated inversely with aconit-
ic acid (r: –0.59, P = 0.03) and oxaloacetic acid 
(r: –0.77, P = 0.002). Cortical oxidative rate (k2) 
correlated positively with aconitic acid (r: 0.64, 
P = 0.048), fumaric acid (r: 0.81, P = 0.005), 
malic acid (r: 0.77, P = 0.009), and oxaloacetic 
acid (r: 0.66, P = 0.04). All correlations are sum-
marized in Figure 4.

Spatial metabolic analysis also revealed low-
er TCA cycle intermediates in regions of tubular 
pathology in participants with T1D compared 
with HCs (Supplemental Figure 6). Representa-
tive periodic acid–Schiff (PAS) images showed 
atrophic tubules in T1D and normal tubules in 
HCs (Supplemental Figure 7). The semiquan-
titative analysis showed that the percentage of 
atrophic tubules was significantly higher in T1D 
(12.4%) compared with HCs (0.5%, P = 0.0028; 
Supplemental Figure 7).

Trajectory analysis (substudy). The scRNA-
Seq analysis of PT cells identified 5 distinct 
subtypes (PT1–5). The proportion of cells from 
individuals with T1D was highest in the PT-4 
subtype and lowest in the PT-3 subtype com-
pared with HCs (Figure 5A and Supplemental 
Figure 8). The PT-4 and PT-5 subtypes exhibited 
higher average expression of adaptive/maladap-
tive markers, including ITGB8, CDH6, DCDC2, 

TPM1, VCAM1, DLGAP1, ACSM3, KIF26B, and HAVCR1, com-
pared with the PT1–3 subtypes (Figure 5, B and C) (7). Trajectory 
analysis using the Slingshot algorithm identified 2 lineages, with 
the main lineage progressing from PT-3, -2, -5, to -4 (Figure 5E). 
Density plots of cell expression across pseudotime revealed dif-
ferential progression between T1D and HCs along this lineage as 
determined by the asymptotic 2-sample Kolmogorov-Smirnov test 
(P < 0.001; Figure 5E). Examination of transcripts involved in the 
TCA cycle revealed differential expression between HC and T1D 
groups within each PT subtype (Supplemental Figures 9 and 10). 
The PT-4 subtype, which had the highest proportion of cells from 
T1D, showed lower expression of several TCA cycle transcripts in 
T1D compared with HCs.

Analysis of clinical measures along the pseudotime trajectory 
revealed positive correlations between pseudotime and HbA1c, 
BMI, and GBM thickness as well as negative correlations with 
whole-body insulin sensitivity (M-value) and cortical oxidative 

were generated from kidney biopsies from each of the participants 
(n = 40); 85,310 cells passed quality control (QC) requirements 
and were annotated to 19 clusters, representing all major cell types 
in the nephron (Supplemental Figures 2 and 3). Each cell cluster 
had a robust representation in participants with and without T1D 
(Supplemental Figures 2 and 3).

Most proximal tubule (PT) transcripts of the enzymes cat-
alyzing the steps of the TCA cycle, including citrate synthetase 
(CS), aconitase (ACO1, ACO2), isocitrate dehydrogenase (IDH1, 
IDH3A), oxoglutarate dehydrogenase (OGDH, ODGHL), succi-
nate-CoA ligase (SUCGL1, SUCGL2), succinate dehydrogenase 
complex, subunit A (SDHA), and fumarate hydratase (FH), were 
lower in T1D versus HCs (Table 4, Figure 3, and Supplemental Fig-
ure 4). Several PT transcripts of oxidative phosphorylation, such 
as SDHB, SDHC, SDHD (complex II), UQCRC1 (complex III), and 
AT5PF (complex V), were also lower in T1D versus HCs (Table 4, 
Figure 3, and Supplemental Figures 4 and 5).

Table 2. Average kidney structure, function, and oxidative metabolism by MRI and 
11C acetate PET stratified by groups

HC 
(n = 20)

T1D 
(n = 30)

P value

Intraglomerular hemodynamic function
GFR (mL/min) 145 ± 29 147 ± 22 0.78
BSA adjusted GFR (mL/min/1.73m2) 138 ± 23 133 ± 22 0.48
RPF (mL/min) 742 ± 133 791 ± 110 0.18
RVR (mmHg/L/min·1000) 0.076 ± 0.018 0.067 ± 0.010 0.04
PGLO (mmHg) 56 ± 4.16 64 ± 5.17 <0.001
Kidney MRI–volumetric assessment
TKV (mL) 283 ± 55 307 ± 53 0.16
Kidney MRI–kidney perfusion
Average pCASL (mL/min/100g) 243 ± 48 196 ± 68 0.02
Kidney MRI–kidney oxygen availability
Average cortex R2* (s–1) 19.4 ± 1.6 19.4 ± 1.5 0.96
Average medulla R2* (s–1) 27.7 ± 2.7 26.1 ± 2.4 0.04
Kidney MRI–FSOC
Average medulla FSOC (%) 5.90 ± 3.06 5.63 ± 2.57 0.78
Kidney MRI–tissue stiffness
Average kidney cortex ADC (mm2/s) 1648 ± 62 1612 ± 80 0.12

HC 
(n = 8)

T1D 
(n = 15)

P value

11C-acetate PET: perfusion (F)
Average cortex perfusion (F) (mL/min/g) 2.06 ± 0.32 1.84 ± 0.34 0.15
Average medulla perfusion (F) (mL/min/g) 1.19 ± 0.31 1.07 ± 0.33 0.43
11C-acetate PET: K1
Average cortex tracer uptake rate (K1) (mL/g/min) 1.46 ± 0.14 1.36 ± 0.19 0.18
Average medulla tracer uptake rate (K1) (mL/g/min) 0.96 ± 0.17 0.90 ± 0.20 0.49
11C-acetate PET: k2 models (global)
Average cortex oxidation rate (k2) (min–1) 0.17 ± 0.03 0.16 ± 0.03 0.44
Average medulla oxidation rate (k2) (min–1) 0.15 ± 0.02 0.14 ± 0.03 0.68
11C-acetate PET: voxel-wise k2 models (regional)
Average cortex oxidation rate (k2) (min–1) 0.18 ± 0.02 0.16 ± 0.02 0.04
Average medulla oxidation rate (k2) (min–1) 0.18 ± 0.02 0.15 ± 0.03 0.04

Continuous variables are shown as means ± SD and were tested using t test. BSA, body surface 
area. F, blood flow.
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dative phosphorylation-related transcripts and TCA cycle metab-
olites, findings that are congruous with the data acquired from 
the functional PET examinations. The trajectory analysis using 
the Slingshot algorithm identified a lineage of PT cells progress-
ing from stable to adaptive/maladaptive subtypes, with T1D cells 
exhibiting a more advanced pseudotime distribution along this 
lineage compared with HCs. These findings suggest that the pro-
gression toward adaptive/maladaptive proximal tubular subtypes, 
characterized by higher expression of injury markers and lower 
expression of TCA cycle transcripts, may contribute to the devel-
opment of early diabetic kidney injury in T1D. These findings help 

rate (k2) (Figure 6). The proportion of PT-4 cells was higher in cat-
egories with higher HbA1c, BMI, and GBM thickness and lower in 
categories with higher M-value and average cortical k2 (Figure 7).

Discussion
Our comprehensive analysis reveals insight into the diverse effects 
of T1D on kidney oxidative metabolism. The most salient findings 
include impaired kidney oxidative metabolism in young adults 
with T1D by PET imaging, which is associated with whole-body 
IR. The in-depth analysis of the kidney tissue transcriptome and 
metabolome uncovered perturbations in both TCA cycle and oxi-

Figure 1. 11C acetate PET scanning to assess kidney oxidative metabolism. Visual illustration of K1 and k2 in the context of TCA cycle. Refer to Table 2 for 
results. t Tests were performed to compare means of K1 and k2 between HC and T1D. HC and T1D had similar 11C-acetate uptake (K1), but T1D had a lower 
rate of tracer clearance, estimated by the rate of CO2 production (k2).
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us understand early metabolic changes that occur in the kidneys 
in people living with T1D and which may increase the risk of DKD.

DKD is a common and serious complication in people with 
T1D. Apart from the risk of developing kidney failure, it markedly 
augments risks of cardiovascular disease and premature death (5, 
6). Kidney disease typically develops at between 5 and 30 years of 
T1D duration depending upon the extent to which glycemic con-
trol is achieved and maintained (8, 9). Recent advances in CGM 
and automated insulin delivery systems facilitate attainment of 
strict glycemic control. In response to these improvements, clin-
ical manifestations of DKD appear to be evolving. The incidence 
of DKD is declining, though it remains high (8–12). In addition, 
reduction of GFR now occurs frequently in the absence of heavy 
proteinuria, and rates of kidney failure have decreased over time 
in some populations (13–15). However, the pathologic and meta-
bolic causes of these changes are unknown. Intensive glycemic 
control remains a key target to prevent DKD in T1D, alongside 
other important interventions such as RAS blockade (16, 17). 
Despite modern advances in glycemic monitoring and therapy, 
euglycemia remains elusive, substantial residual risk remains, 
and complementary therapies are needed. Furthermore, intensive 
glycemic control in the Diabetes Control and Complications Tri-
al (DCCT) was associated with weight gain in a subset of partici-
pants, accompanied by worsening IR, central obesity, lipids, blood 
pressure, inflammation, and albuminuria, all of which may under-
mine positive effects of improved glycemic control (1–4).

IR is associated with increased kidney tubular glucose and 
NEFA uptake while impairing glucose and NEFA oxidation, TCA 
cycle turnover, and oxidative phosphorylation (18–28). These 

metabolic perturbations may predispose to oxida-
tive stress in T1D by magnifying the kidney’s already 
high energy expenditure while impairing substrate 
metabolism (29–31). The resultant intracellular 
accumulation of lipid and glucose intermediates 
shifts transcription toward suppression of adenosine 
monophosphate kinase (AMPK) and activation of 
mechanistic target of rapamycin complex 1 activity 
(mTORC1), potentially leading to long-term impair-
ment of TCA cycle turnover and oxidative phosphor-
ylation, and ultimately kidney injury (22–25, 32–38). 
Our data provide insights into kidney metabolic 
changes in T1D, aligning with the growing body of 
research suggesting that perturbed energetics are 
central mechanisms in the pathogenesis of DKD. We 
observed decreased cortical and medullary oxidative 
rates via 11C-acetate PET/CT scans, lower PT tran-
scripts of enzymes catalyzing the steps of the TCA 
cycle and oxidative phosphorylation, and lower tubu-
lar TCA intermediates by spatial metabolomics in 

T1D participants. These findings are consistent with gene expres-
sion analyses from kidney biopsies in patients with advanced stag-
es of chronic kidney disease (CKD) without diabetes, which exhib-
it lower transcripts of TCA cycle enzymes than healthy reference 
tissue (39), and with lower plasma TCA metabolites documented 
in young adults with T1D compared with HCs (40). Moreover, the 
trajectory analysis revealed that the progression toward adaptive/

Table 3. Morphometric evaluation of kidney tissue by groups

HC 
(n = 12)

T1D 
(n = 28)

P value

Light microscopy
Fractional interstitial area (%) 0.297 ± 0.055 0.295 ± 0.039 0.93
Glomerular tuft area (um2) 15778.0 ± 3155.5 14730.5 ± 2979.0 0.32
Glomerular volume (106 um3) 2.83 ± 0.86 2.55 ± 0.79 0.32
Mesangial matrix area (μm2) 2025.5 ± 729.8 1966.7 ± 540.1 0.68
Mesangial index (%) 12.40 ± 3.10 13.43 ± 3.24 0.36
Mesangial volume (106 μm3) 0.36 ± 0.16 0.34 ± 0.12 0.66
Glomerular nuclear count (N) 74 ± 17 64 ± 13 0.046

Electron microscopy
GBM width (nm; harmonic means) 486.2 (441.4, 519,3) 577.1 [496.4, 712.2] 0.02
GBM width (nm; arithmetic means) 446.7 (409.1, 473.5) 521.5 (438.1, 646.8) 0.007

 Continuous variables are shown as means ± SD or median (25th, 75th) percentiles and were 
tested using t test or Mann-Whitney U test.

Figure 2. Heatmap of correlations between GBM thickness and M-value 
with PET parameters. The color gradient in the figure represents the direc-
tion of correlation, with negative correlations depicted in red and positive 
correlations in blue. Spearman’s correlation analysis was performed and 
the correlation coefficient is presented as numerical text in the boxes. 
Significant correlation coefficients (P < 0.05) are denoted by asterisks. GC, 
glucose corrected; F, perfusion; k2, tracer clearance rate.



The Journal of Clinical Investigation   C L I N I C A L  M E D I C I N E

7J Clin Invest. 2024;134(24):e183984  https://doi.org/10.1172/JCI183984

maladaptive proximal tubular subtypes was associated with higher 
HbA1c, BMI, and GBM thickness as well as lower insulin sensitiv-
ity and cortical oxidative metabolism. These results suggest that 
the metabolic and structural changes observed in T1D may drive 
the progression of PT cells toward maladaptive states, potential-
ly contributing to the development of DKD. It is crucial to estab-
lish these relationships, given that emerging adjunctive therapies 
proposed to improve insulin sensitivity and kidney metabolism, 
such as GLP-1RA and SGLT2i, which were previously shown to be 
strongly kidney protective in type 2 diabetes (T2D), are currently 
being tested in individuals with T1D (41–43).

Prior gene expression studies have revealed reduction of 
transcripts catalyzing the proximal half of the TCA cycle as well 
as reduced corresponding urinary metabolites in advanced DKD 
in T2D and nondiabetic CKD and murine models (39, 44–46). In 

our study, we documented these abnormalities in individuals with 
T1D and preserved kidney function using scRNA-Seq and spa-
tial metabolomics, and demonstrated corresponding functional 
changes using 11C-acetate PET imaging. Importantly, despite par-
ticipants having normal GFR and no albuminuria, they displayed 
intraglomerular hypertension and increased GBM thickness, 
potentially as a compensatory mechanisms against heightened 
pressure. These observations indicate the presence of early sub-
clinical kidney injury (47). In addition, the observed lower kid-
ney perfusion in participants with T1D, despite similar GFR and 
RPF levels, may be attributed to microvascular dysfunction and 
structural changes such as increased tissue resistance, intersti-
tial fibrosis, and GBM thickening (48, 49). These factors can lead 
to a discrepancy between perfusion and blood flow, highlighting 
the complex interplay between renal hemodynamics and micro-
vascular health in T1D. We observed differences in oxidative 
metabolism between cortical and medullary regions consistent 
with known renal physiology (50–52). MRI-derived R2* values 
were higher in the medulla, suggesting lower oxygen availability 
compared with the cortex. PET-derived k2 values showed subtle 
regional differences, with lower K1 and F values in the medulla 
indicating reduced perfusion. However, our transcriptomic and 
metabolomic analyses were limited to cortical tissue, precluding a 
comprehensive comparison of regional metabolic profiles.

In a prior study examining molecular patterns in kidney tissue 
from adolescents with T2D we found upregulation of most meta-
bolic transcripts in the PT, including the TCA cycle. The differenc-
es observed between T1D in the current study and our previous 
findings in T2D may be ascribed to variations in participant char-
acteristics, such as age, diabetes duration (2.3 ± 1.8 years in T2D 
vs. 13.3 ± 5.3 years in T1D), and the presence of severe glomerular 
hyperfiltration in the T2D cohort (53). Additionally, the differenc-
es in pseudotime trajectories between T1D and T2D, specifically 
the proportion of adaptive/maladaptive proximal tubular cells, 
which exhibit lower expression of TCA cycle and oxidative phos-
phorylation genes, may contribute to the discrepancies in gene 
expression patterns.

This study represents an application of 11C-acetate to assess 
kidney oxidative metabolism in young adults with T1D alongside 
HCs. The voxel-wise PK model allowed us to account for regional 
differences in kidney oxidative metabolism. Our PET analyses also 
provided 11C-acetate uptake (K1) and estimates of kidney perfusion 
(F). The multiparametric MRI analyses provided comprehensive 
quantification of kidney volume, tissue characteristics, perfusion, 
and oxygen availability. We employed gold-standard hyperinsu-
linemic-euglycemic clamps to assess insulin sensitivity, as well 
as DXA to quantify lean, fat, and visceral mass. Another notable 
strength of our study lies in the integration of functional PET data 
with single-cell transcriptomics and spatial metabolomics. The 
trajectory analysis using the Slingshot algorithm allowed us to 
identify distinct patterns of cellular progression and their associ-
ation with metabolic and structural parameters, providing insights 
into the potential mechanisms underlying the development of 
early diabetic kidney injury in T1D. This multimodal approach 
allowed for a detailed and comprehensive interrogation of kidney 
oxidative metabolism. While our participants were recruited from 
a tertiary care center, their characteristics reflect contemporary 

Table 4. Transcriptomics results related to TCA cycle and 
oxidative phosphorylation

Symbol log2FC P value q value
TCA cycle
ACO1A –0.413 <0.001 <0.001
ACO2 –0.214 <0.001 <0.001
IDH1A –0.338 <0.001 <0.001
IDH2 –0.123 0.084 1.000
IDH3A –0.012 0.020 0.518
IDH3B –0.063 0.531 1.000
IDH3G –0.092 0.520 1.000
OGDH –0.192 <0.001 0.009
OGDHL –0.189 <0.001 0.001
SUCLA2 0.024 0.096 1.000
SUCLG1 –0.162 <0.001 <0.001
SUCLG2 –0.311 <0.001 <0.001
SDHA –0.118 0.030 0.790
FH –0.016 0.028 0.733
MDH1 –0.130 0.090 1.000
MDH2 –0.006 0.129 1.000
CS –0.124 0.008 0.215

Oxidative phosphorylation
Complex I
NDUFS6 –0.057 0.568 1.000
Complex II
SDHB –0.199 <0.001 <0.001
SDHC –0.263 <0.001 <0.001
SDHD –0.131 0.033 0.299
Complex III
UQCRC1 –0.228 <0.001 <0.001
UQCRC2 –0.136 0.316 1.000
Complex IV
COX4I1 –0.032 0.416 1.000
COX4I2 0.005 0.222 1.000
Complex V
ATP5PF –0.133 0.001 0.006

Negative log2 fold changes (log2FC) indicate lower expression/relative 
abundance in T1D compared with HC. Visual illustration of results 
summarized in Figure 3. ACytosolic transcripts.
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progression of DKD; longitudinal studies are needed to definitive-
ly connect these alterations to disease outcomes. Nonetheless, 
insights from existing literature highlight the substantial influ-
ence of early metabolic disturbances and structural lesions on 
the development of DKD (55, 56). The transition from metabolic 
disruptions to detectable histological changes underlines a patho-
physiological continuum (56), reinforcing the premise that early 
identification and intervention targeting these metabolic and his-
tological changes could substantially alter DKD trajectory.

In conclusion, this study offers a comprehensive overview of 
the early kidney metabolic changes associated with T1D in the mod-

T1D management standards in the United States. The absence 
of hyperfiltration aligns with recent T1D studies, suggesting our 
findings are relevant to understanding kidney health in the mod-
ern era of diabetes care (54). Limitations of the study included the 
small sample size and the measurement of key variable in differ-
ent subsets of individuals. We did not measure glucagon levels 
during the clamp studies, which could provide additional insights 
into glucose homeostasis in participants with T1D. The cross-sec-
tional design of our study, while revealing changes in proximal 
tubular subtypes suggestive of early injury, precludes establishing 
a direct link between these early metabolic perturbations and the 

Figure 3. PT transcripts catalyzing the steps of TCA cycle and oxidative phosphorylation and intrarenal TCA metabolites. Visual illustration of PT 
transcripts and kidney tissue metabolites involved in the TCA cycle and oxidative phosphorylation. Refer to Table 4 and Table 5 for results from analyses. 
Transcripts and metabolites are shaded in blue (or purple for cytosolic transcripts) when T1D has lower expression/relative abundance relative to HC. Succi-
nyl CoA was not measured in the kidney tissue metabolomics and is shown in a dotted bordered box.
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Study design and participants. Young 
adults with and without T1D from the Control 
of Renal Oxygen Consumption, Mitochon-
drial Dysfunction, and Insulin Resistance 
(CROCODILE) study (NCT04074668) were 
included in this analysis. The participants 
with T1D were recruited from the Barbara 
Davis Center for Diabetes and the HCs from 
advertisements. T1D was defined by Amer-
ican Diabetes Association criteria plus the 
presence of pancreatic autoantibodies, such 
as glutamic acid decarboxylase, islet cell, zinc 
transporter 8, and/or insulin autoantibodies. 
Exclusion criteria are detailed in Figure 8. The 
participants self-reported their demographics 
from predefined options as shown in Table 1.

Prespecified primary endpoints of the CROCODILE study includ-
ed renal oxygen consumption by 11C-acetate kidney PET/CT scan, 
renal oxygen consumption, oxygenation, and perfusion by BOLD and 
arterial spin labeling (ASL) MRI, and insulin sensitivity by hyperinsu-
linemic-euglycemic clamp. Secondary endpoints of the study includ-
ed GFR and RPF from iohexol and P-aminohippurate (PAH) clearance 
and biomarkers from kidney biopsies. The presented analysis includ-
ed primary and secondary endpoints of the registered trial.

Clinical measurements. Laboratory assays were performed by the 
University of Colorado Clinical and Translational Research Centers 

ern era of diabetes management. The observed alterations in body 
composition, insulin sensitivity, and kidney structure, along with 
the significant differences in kidney oxidative metabolism, provide 
an expanded perspective on the functional kidney manifestations 
of T1D. Deep clinical phenotyping and molecular interrogation of 
the kidney tissue of individuals with T1D demonstrates regional 
metabolic perturbations before the onset of clinically apparent kid-
ney disease. The trajectory analysis identified a progression of PT 
cells from stable to adaptive/maladaptive subtypes, with T1D cells 
exhibiting a more advanced distribution along this lineage. These 
findings suggest that the metabolic and structural changes observed 
in T1D may drive the progression of PT cells toward maladaptive 
states, potentially contributing to the development of DKD. Our 
results underscore the importance of further targeted research to 
explore these findings more deeply. While our cross-sectional study 
provides valuable insights into potential early kidney changes in 
T1D, we initiated the longitudinal study Pathogenesis of Kidney 
Disease in Type 1 Diabetes: a Modern Kidney Biopsy Cohort (The 
PANDA Study) (NCT05319990) to track kidney function, struc-
ture, and metabolism over time in a subset of participants from the 
current study with the goal of establishing the temporal relation-
ships linked to progressive DKD. Additionally, it aims to evaluate 
the impact of promising T1D therapies, such as GLP-1 receptor 
agonists (GLP-1RA) and SGLT2i. These efforts will help validate 
our findings as early predictors of DKD and clarify the sequence of 
changes leading to clinically apparent disease. This research marks 
a critical step toward delineating early metabolic risk factors for 
DKD and refining therapeutic strategies to mitigate kidney injury 
in this population, ultimately aiming to improve patient outcomes.

Methods
Sex as a biological variable. Male and female participants were 
enrolled and included in the analysis. Adjusted analyses included 
sex as a covariate.

Table 5. Spatial metabolomics results related to TCA cycle and oxidative phosphorylation

Metabolite log2FC Sqrt regression coefficientA P value q value
Isocitric acid/citric acid 0.080 2.98 0.857 0.857
Aconitate –0.353 –5.71 0.484 0.565
α-Ketoglutaric acid –1.46 –5.48 0.034 0.099
Succinate –1.16 –8.66 0.043 0.099
Fumarate –0.824 –8.64 0.042 0.099
Malate –1.04 –40.1 0.065 0.114
Oxaloacetate –0.783 –0.26 0.447 0.565

Negative log2 fold changes indicate lower expression/relative abundance in T1D compared with HC. Visual 
illustration of results summarized in Figure 3. ACoefficients from square root transformation where HCs 
are reference group. P values associated with square root regression estimates. Sqrt, square root.

Figure 4. Heatmap of correlations between GBM thickness and cortical k2 
with kidney tissue metabolites. The color gradient in the figure represents 
the direction of correlation, with negative correlations depicted in red 
and positive correlations in blue. Spearman’s correlation analysis was 
performed and the correlation coefficient is presented in black text. Signif-
icant correlation coefficients (P < 0.05) are denoted by asterisks.
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Figure 5. Proportion and expression of proximal tubular cell subtypes with adaptive/maladaptive markers and trajectory analysis. (A) Proportion of 
cells from HC and T1D in each PT cell subtype is shown. The highest proportion of T1D cells was in the PT-4 subtype, and the lowest proportion of T1D cells 
was in the PT-3 subtype. (B) Definition of each adaptive/maladaptive biomarkers as shown in C. (C) Average expression of adaptive/maladaptive markers 
(ITGB8, CDH6, DCDC2, TPM1, VCAM1, DLGAP1, ACSM3, KIF26B, and HAVCR1) were higher in PT-4 and PT-5 subtypes compared with PT1-3 subtypes. Higher 
expression is presented by bigger circles and color closer to red. (D) UMAP of PT cells with 2 lineages identified by Slingshot. The first lineage inferred 
trajectory progressed from PT-3, -2, -5, and -4 (longer lineage), and the other from PT-3, -2, and -1. The first lineage was the main focus for this study. (E) 
Density plot of cell expression across pseudotime revealing differential progression between T1D and HC. PT, proximal tubular.
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sitivity with 8 mU/m2/min (stage 1) and 40 mU/m2/min (stage 2) 
insulin stages, along with an intravenous infusion of 20% dextrose 
titrated to maintain euglycemia, based on bedside glucose readings 
every 5 minutes as in our previous studies (57, 58). Blood samples 
for insulin were collected at the beginning and during steady state 
of each stage of the clamp. Steady-state glucose infusion rate (GIR) 
(mg/lean kg/min) in response to the insulin concentration rate of 
40 mU/m2/min was used to determine whole-body insulin. Partici-
pants also underwent a DXA scan by standard methods on a Hologic 
device to determine lean and fat mass, as well as regional body com-
position including visceral fat (59). Muscle mass was calculated by 

(CTRC) Core Labs. Other fasting laboratory evaluations included 
total cholesterol, calculated LDL-C, HDL-C, triglycerides, glucose, 
and HbA1c (DCCT-calibrated); assays were performed by standard 
methods in the CTRC laboratory. Urine albumin-to-creatinine ratio 
(UACR) was also determined from a 24-hour urine collection. Partici-
pants were provided with urine jugs and were instructed to collect their 
urine for 24 hours prior to their study visit. The study team document-
ed the start/stop time, date, and total volume of urine. Urine albumin 
and creatinine were analyzed from a sample of the total collection.

Hyperinsulinemic-euglycemic clamps and DXA. A hyperinsulin-
emic-euglycemic clamp was performed to determine insulin sen-

Figure 6. Clinical measures along pseudotime. (A–E) HbA1c, BMI, M-value, log (GBM thickness), and average cortical k2 are plotted along the trajectory of 
pseudotime. (F) Spearman’s correlations were calculated for each clinical measure with pseudotime, revealing positive correlations with HbA1c, BMI, and 
GBM thickness and negative correlations with M-value and cortical k2. HbA1c, glycated hemoglobin; k2, cortical oxidative metabolism.
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and the lower the local tissue oxygen content. The change in fractional 
kidney oxygen availability (R2*) in response to furosemide provided 
an estimate of the oxygen-dependent tubular transport of sodium and 
kidney oxygen consumption, entitled FSOC. Participants also under-
went pCASL MRI to measure kidney perfusion (mL/min/100 g), and 
ADC to assess tissue stiffness (diffusion weighted imaging scan b-val-
ues of 200, 300, 500, 700, and 1000 sec/mm2). A custom image pro-
cessing toolbox using Python (Python Software Foundation) was used 
to manually define ROI on ADC maps and BOLD images for each slice 
on both kidneys from T1 or T2 weighted images (72). TKVs were com-
puted. The images were analyzed at NorthShore, and the reader was 
blinded to the participants’ clinical data.

11C-acetate PET. PET scanning was performed under standard-
ized conditions. A Philips Gemini TF 64 was used for PET/CT imag-
ing. A regional CT scan (40 mA·s) centered at the abdomen was 
performed for attenuation correction and PET registration. Kidney 
oxidative metabolism was determined by a 342.2 ± 20.6 MBq bolus 
of 11C-acetate followed by a 30-minute list-mode dynamic PET acqui-
sition. A venous sample was collected 25.7 ± 1.1 minutes after radio-
tracer injection for blood activity calibration. PET images were recon-
structed with a 3D row action maximum likelihood algorithm and the 
following time frames: 12 × 10 seconds, 8 × 30 seconds, 2 × 2 minutes, 
and 4 × 5 minutes.

PET image processing was performed in PMOD (version 3.7; 
PMOD Technologies Ltd.). The right and left kidney cortex ROI were 
defined semi-automatically using iso-contours on an average PET 
image (from 40 seconds to 4.5 minutes after injection, Supplemental 
Figure 11). Manual corrections were applied based on the correspond-
ing CT image to remove large blood vessels and nonkidney tissue. The 
right and left kidney medulla ROIs were segmented manually on the 
same PET image. The blood signal was obtained from a ROI over the 

multiplying appendicular lean mass (sum of arm and leg lean mass) 
and subtracting 0.63 (60).

GFR and RPF measurements. Iohexol (Omnipaque 300, GE 
Healthcare) was administered as a bolus (36 mg/kg) followed by con-
tinuous infusion (15 mg/min). PAH (Basic Pharma) was administered 
as a bolus (11.2 mg/kg) followed by continuous infusion (12.8 mg/
min). GFR and RPF were calculated for each urine collection period 
(Ux) as follows: flow = volume of urine collection Ux (mL)/collection 
time for Ux (min). Uncorrected GFR (or RPF) = concentrations of 
iohexol (or PAH) in Ux (μg/mL) × flow (mL/min)/(P1 + P2)/2 (μg/mL), 
where P1 and P2 were the plasma concentration of iohexol (or PAH) 
at the beginning and end of the corresponding timed urine collection 
(Ux). The extraction ratio of PAH was adjusted according to GFR (61–
63). Iohexol and PAH measurements were performed by high-perfor-
mance liquid chromatography (HPLC) (Waters) at the NIDDK labo-
ratory in Phoenix, Arizona, as described previously (64–68). Using 
measurements of GFR, RPF, hematocrit, and total protein, we calcu-
lated afferent and efferent arteriolar resistance and intraglomerular 
pressure by Gomez equations (69–71). We calculated RVR as mean 
arterial pressure/renal blood flow.

Multiparametric kidney MRI. All participants underwent a multi-
parametric kidney MRI scan on a Siemens Magnetom Skyra 3T scan-
ner at our research imaging center. The scanning protocol included 
BOLD MRI to estimate fractional oxygen availability (apparent relax-
ation rate R2* [s–1]) (72). A multiple gradient-recalled-echo (mGRE) 
sequence was used to acquire BOLD images in the coronal plane during 
breath-hold at end expiration, before and after giving the diuretic 
furosemide (20 mg i.v. injection). The body coil was used as the trans-
mitter, and the combination of spine and body array coils was used as 
the receiver. Participants were placed feet first in supine position. The 
higher the local deoxyhemoglobin in the blood, the higher the R2*, 

Figure 7. Proportion of PT cell subtypes in 
categories of clinical measures. Proportion 
of PT-4 cells is higher for higher categories 
of HbA1c (A), BMI (kg/m2, B), and GBM thick-
ness (D), and lower for higher categories of 
M-value (C) and average cortical k2 (E). HbA1c 
cutoffs were based on the American Dia-
betes Association guidelines. Tertiles were 
used for M-values (t1: [3.1, 7.7%]; t2: (7.7, 
11.3%]; t3: (11.3, 25.5%]), GBM thickness (t1: 
[300.0, 488.5 nm]; (488.5, 582.2nm]; (582.2, 
1026 nm]), and average cortical k2 (t1: [0.119, 
0.153]; t2: (0.153, 0.187]; t3: (0.187, 0.219] 
min–1). k2, cortical oxidative metabolism.
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(blood volume fraction). Blood 
flow (F) was estimated using 
the K1 values and assuming an 
extraction fraction of 0.52 (74). 
A voxel-wise PK model provided 
parametric maps of K1 and k2 by 
fitting a 1-tissue compartment 
model using linear ridge regres-
sion with spatial constraint (Sup-
plemental Figure 12).

Ultrasound-guided kidney 
biopsies and tissue processing. An 
ultrasound-guided percutane-
ous kidney biopsy was performed 
by 1 of 2 highly experienced 
interventional radiologists. Per 
local protocol, up to 4 passages 
were allowed to obtain 3 biopsy 
cores. Each core was immedi-
ately assessed for the presence 
of cortex by gross examination 
and digital imaging. Kidney 
tissue was placed in specific 
fixatives and shipped to the 
University of Michigan, accord-
ing to a modified version of the 
Kidney Precisions Medicine 
Project (KPMP) pathology pro-
tocol (https://repository.niddk. 
nih.gov/media/studies/kpmp/
KPMP_Pathology-MOP.pdf).

Quantitative morphometrics. 
Light microscopy sections were 
assessed for pathologic diagno-
sis. For quantitative assessment 
of glomerular and mesangial 
volume and mesangial nuclear 
count, all glomeruli present in a 3 
μm formalin-fixed paraffin-em-
bedded section of each speci-
men were stained with periodic 
acid–Schiff and assessed using 
quantitative morpho metrics as 
previously described (75, 76). 
Mesangial index was expressed 
as percentage of mesangial area 
per glomerular volume. GBM 
width was measured on electron 
microscopic sections.

Sample processing and scRNA-
Seq of kidney tissue. scRNA-Seq 
profiles were obtained using 

KPMP protocols. Briefly, single cells were isolated from frozen tissues 
using Liberase TL at 37°C for 12 minutes. The single-cell suspension was 
immediately transferred to the University of Michigan Advanced Genom-
ics Core facility for further processing. Sample demultiplexing, barcode 
processing, and gene expression quantifications were performed with the 

descending aorta, corrected for the presence of 11C-labeled metabo-
lites, and scaled based on the blood sample activity.

The 11C-acetate turnover in the TCA cycle (73, 74) was estimated for 
each ROI using a 1-tissue, 2-compartment, PK model with parameters 
K1 (tracer uptake), k2 (tracer clearance, rate of CO2 production), and vb 

Figure 8. Study design and consort diagram.
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which outlined glomeruli and tubules, and then were coated using a 
robotic sprayer (TM-Sprayer) with 1,5-diaminonaphthalene for nega-
tive ion mode analysis. After matrix application, the slide was loaded 
into the slide holder in the matrix assisted laser desorption/ionization 
(MALDI) injector (SpectroGlyph LLC) (83). Mass spectrometry imag-
ing (MSI) data were acquired using MALDI Injector Software,version 
1.3.1.1537, at 20 μm spatial resolution coupled to a Thermo Scientific 
Q Exactive HF-X Hybrid Quadrupole-Orbitrap Mass Spectrometer 
(Thermo Scientific). Targeted metabolite species (e.g., the TCA cycle 
intermediates and adenine) were investigated in tubular cells of kid-
neys. Periodic acid–Schiff hematoxylin (PAS-H) staining revealed 
regions of pathology in serial sections (84). All PAS-H–stained slides 
were evaluated by an experienced kidney pathologist. Metabolite 
annotation was performed on METASPACE (85) and further validated 
by comparing tandem mass spectrometry (MS/MS) spectra with stan-
dard compounds or databases. The optical image (AF/BF and PAS-H) 
was uploaded to METASPACE and SCiLS Lab for visual overlay of 
metabolites with optical images to provide an assessment of metab-
olites associated with normal-appearing and pathologic features in 

10X Cell Ranger, version 6, pipeline using the hg38 GRCh38-2020-A ref-
erence genome (77–79). To remove ambient mRNA from the data, the cell 
ranger count matrices were processed using SoupX with default parame-
ters. The resulting matrices were processed as previously described (80), 
whereby cells were included only if gene counts were between 500 and 
5,000, with fewer than 50% mitochondrial genes. Individual matrices 
were then integrated using RunHarmony embedded in Seurat, version 
4.0.0. Clusters were annotated based on previously established kidney 
cell markers (Supplemental Figures 1 and 2) (80, 81). Adaptive/maladap-
tive states were identified and defined on the basis of previous studies and 
known features of injury (7).

Spatial metabolomics of kidney tissue. Kidney tissue samples were 
frozen in liquid nitrogen and stored at –80°C until analysis. A multi-
modal imaging approach was developed to investigate regional local-
ization (e.g., tubular cells) of metabolites in kidney sections (82). 
Briefly, snap-frozen kidney tissues were cryotome sectioned at 10 
μm thickness and thaw mounted onto ITO-coated conductive glass 
slides. Tissue sections were scanned by bright-field (BF) and auto-
fluorescence (AF) microscopy (Zeiss Axioscan 7; ×20 magnification), 

Figure 9. Illustration of the pseudotime analysis concept using Slingshot. Illustration of the pseudotime analysis concept. Cells were collected from inde-
pendent participants with varying health progression (e.g., diabetes duration and progression). Pseudotime was inferred using the minimal spanning tree 
method in Slingshot from UMAP. Healthy PTs are indicated in orange, transitioning to adaptive/maladaptive PTs shown in brown.
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thickness and cortical k2 with tissue metabolites, limited to the T1D 
group. Additionally, we examined Spearman’s correlations between 
GBM thickness and M-value with PET parameters, involving both T1D 
patients and HCs.

We conducted linear regression analyses to assess associations in 
the correlations, adjusting for clinically relevant covariates. Covariates 
included age, sex, and HbA1c for assessing whole body insulin sensi-
tivity as a predictor for cortical and medullary k2. Steady-state insulin 
concentrations and body fat percentage were considered to compare 
whole body insulin sensitivity between groups, baseline NEFA con-
centrations for comparing NEFA suppression between groups, and 
kidney perfusion for comparing furosemide-suppressible consump-
tion between groups.

Spatial metabolomic tissue data were visually inspected using 
histograms. Duplicate measurements from each tissue sample were 
averaged and analyzed using square root transformed regression in 
consideration of right-skewed data. P < 0.05 was considered statisti-
cally significant. Analyses were performed using Python, v.3.9.6, and 
R, v.4.2.2 (The R Foundation for Statistical Computing).

Study approval. The study was approved by the Colorado Multiple 
Institutional Review Board (COMIRB) with approval number #19-
1282. Participants provided written informed consent to participate in 
the main study. The study also included 2 optional procedures: a 11C-ac-
etate kidney PET/CT scan and a research kidney biopsy, which includ-
ed separate consent forms. Those who opted to undergo the optional 
kidney biopsy were additionally consented for that procedure.

Data availability. The data underlying the tables and figures of 
the manuscript are available in the Supporting Data Values file. The 
scRNA count data are available through the NCBI’s Gene Expression 
Omnibus database (GEO GSE279086).

Author contributions
YJC and PB wrote the first draft of the manuscript. PB, YJC, CB, 
SG, AM, PN, LPL, PP, LD, KT, KJN, MF, VNS, TV, JK, and JKSB 
performed the research procedures, researched data, and contrib-
uted to discussion and reviewed/edited the manuscript. GR, DPB, 
and BBC performed the C-11 acetate PET postprocessing and 
analyses. PL performed the research kidney biopsies. LPL and PP 
performed the multiparametric MRI postprocessing and analyses. 
K Sharma, YY, IMT, GZ, JBH, MAV, DSD, BKG, and AR performed 
spatial metabolomics and light and electron microscopy morpho-
metrics. MK, K Sharma, JAS, ASN, VN, PJM, FA, EAO, FCB, and 
VGP performed the scRNA-Seq, postprocessing, and analyses. 
IHDB, DZC, DHVR, JAG, RGN, PJS, and MK contributed to dis-
cussion and reviewed/edited the manuscript. PB designed the 
study. YJC, K Street, TV, and LP performed the analyses and con-
tributed to discussion and reviewed/edited the manuscript. PB, 
LP, and YJC are the guarantors of this work and, as such, had full 
access to all the data in the study and take responsibility for the 
integrity of the data and the accuracy of the data analysis.

Acknowledgments
PB receives salary and research support from the NIDDK (R01 
DK129211, R01 DK132399, R01 HL165433, R01 DK137844), JDRF 
(3-SRA-2022-1097-M-B, 3-SRA-2022-1243-M-B, 3-SRA-2022-
1230-M-B), the Boettcher Foundation, the American Heart Associ-
ation (20IPA35260142), the Ludeman Family Center for Women’s 

tubular cell regions. Detailed procedures for MALDI-MSI are available 
at dx.doi.org/10.17504/protocols.io.bctfiwjn (84).
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abundance of the metabolites (i.e., below the detection limit). Each 
tissue sample was measured twice from 2 different sections of 1 kidney 
biopsy, and data were reported on sections which passed the data QC.

Power calculation. Sample size for this study was chosen to provide 
greater than 80% power to detect a difference of 88 nm or more in GBM 
width assuming a SD of 78 nm based on prior data (64, 86). In addition, 
our sample size of 28 adults with T1D and 12 lean controls yields 80% 
power to detect a fold change of 0.8 in gene expression using FDR cor-
rection for the 17 genes of primary interest in the TCA cycle or the 9 
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scRNA analysis. Seurat version 4.1.0 was used to analyze single cell 
transcriptomics. Data were normalized, scaled, and clustered using 
default embedded functionalities in the Seurat R package. The inte-
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the transcriptomics data was filtered to the PT cells, known for their 
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our analysis on transcripts involved in the TCA cycle and oxidative 
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which complemented our functional evaluation of the kidney’s oxida-
tive metabolism via 11C-acetate PET. Differential expression of genes 
was identified between HC and T1D using a Wilcoxon’s rank sum test.

Following clustering with Seurat, trajectory inference analysis was 
performed on PT cells only using Slingshot, version 2.12.0. The clusters 
generated from Seurat were input into the Slingshot function, speci-
fying PT-4 as the end cluster based on its known biological relevance 
as adaptive/maladaptive cells (Figure 5B). PT-4 cells were assumed to 
represent the most “diseased” state, particularly in the context of T1D, 
where these cells were more prevalent compared with HCs (Figure 5A). 
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inspection of histograms for distribution. The HC and T1D groups 
were compared using χ2 tests or Fisher’s exact tests for categorical 
variables and using t tests and Mann-Whitney U tests for continu-
ous variables. We conducted Spearman’s correlations between GBM 
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