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Occurrence of Diabetic
Nephropathy After Renal
Transplantation Despite Intensive
Glycemic Control: An
Observational Cohort Study
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OBJECTIVE

The kinetics and risk factors of diabetic nephropathy after kidney transplantation
remain unclear. This study investigated the posttransplant occurrence of diabetic
nephropathy and the contribution of posttransplant glycemic control.

RESEARCH DESIGN AND METHODS

We performed a single-center prospective cohort study of 953 renal allograft
recipients and 3,458 protocol-specified renal allograft biopsy specimens up to
5 years after transplantation. The effects of pretransplant diabetes and glycemic
control (glycated hemoglobin levels) on the posttransplant histology were studied.

RESULTS

Before transplantation, diabetes was present in 164 (17.2%) renal allograft
recipients, primarily type 2 (n = 146 [89.0%]). Despite intensive glycemic control
(glycated hemoglobin 7.00 = 1.34% [53 * 14.6 mmol/mol], 6.90 + 1.22% [52 *
13.3 mmol/mol], and 7.10 * 1.13% [54 + 12.4 mmol/mol], at 1, 2, and 5 years after
transplantation), mesangial matrix expansion reached a cumulative incidence of
47.7% by 5 years in the pretransplant diabetes group versus 27.1% in patients
without diabetes, corresponding to a hazard ratio of 1.55 (95% Cl 1.07-2.26; P =
0.005). Mesangial matrix expansion was not specific for diabetic nephropathy and
associated independently with increasing age. Pretransplant diabetes was asso-
ciated with posttransplant proteinuria but not with estimated glomerular filtration
rate, graft failure, or any other structural changes of the glomerular, vascular, or
tubulointerstitial renal compartments. The occurrence of diabetic nephropathy
was independent of posttransplant glycated hemoglobin levels.

CONCLUSIONS

Mesangial matrix expansion, an early indicator of diabetic nephropathy, can occur
rapidly in patients with diabetes before transplantation, despite intensive glycemic
control. Prevention of diabetic nephropathy requires more than pursuing low levels
of glycated hemoglobin.
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2 Diabetic Nephropathy After Renal Transplantation

Diabetic nephropathy is the leading
cause of chronic kidney disease (1). It
is characterized by functional changes
such as glomerular hyperfiltration and
proteinuria and structural changes such
as thickening of the glomerular base-
ment membrane, mesangial matrix
expansion, glomerulosclerosis, and arte-
riolar hyalinosis (2—4). The kinetics of the
structural changes of diabetic nephrop-
athy in native kidneys are not well docu-
mented because the few histological
studies that were performed in native
kidneys included patients with a vari-
able duration of diabetes (5,6). Improved
glycemic control has been shown to reduce
the occurrence of early diabetic nephrop-
athy, but evidence is lacking about whether
intensive glycemic control reduces the risk
of severe clinical renal outcomes, such as
doubling of the serum creatinine level or
end-stage renal disease (7).

Kidney transplantation is the first-
choice treatment for these patients, as
it is for patients with other causes of
kidney failure (8,9). The occurrence of
diabetic nephropathy in renal allografts
has been reported both in patients with
pretransplant diabetes and in patients
with new-onset diabetes after transplan-
tation (10-15). Most studies were per-
formed in patients with type 1 diabetes
orin small data sets or were restricted to
clinically indicated biopsies performed at
the time of graft dysfunctionin a selected
subset of patients, which obviates assess-
ing the natural evolution of diabetic
nephropathy.

Performing protocol-specified biop-
sies over time after transplantation on
nondiabetic kidneys in patients with pre-
transplant diabetes represents a unique
opportunity to study the natural evolu-
tion of diabetic nephropathy lesions be-
cause systematic renal biopsies are not
routinely performed in native kidneys. A
recent study on protocol-specified biop-
sies illustrated that 52% of patients with
pretransplant diabetes had developed
mesangial sclerosis at 10 years after
transplantation versus 22% in patients
without pretransplant diabetes (16), but
the presentation and kinetics of diabetic
nephropathy and its risk factors remain
unclear. In addition, it is not known
whether the earlier conclusion that the
risk of diabetic nephropathy after kidney
transplantation in patients with type 1
diabetes can be decreased by more in-
tensive glycemic control (12) is still valid in

the current era of intensive glycemic
control and in patients with other types
of diabetes. We performed a prospective
cohort study on protocol-specified renal
allograft biopsy specimens to examine the
impact of pretransplant diabetes on the
presentation and kinetics of diabetic ne-
phropathy in the first 5 years after kidney
transplantation and to evaluate the con-
tribution of posttransplant glycemic con-
trol to diabetic nephropathy occurrence.

RESEARCH DESIGN AND METHODS

Patients and Biopsies

All patients who received a single kidney
transplant at the University Hospitals
Leuven between March 2004 and Feb-
ruary 2013 were eligible (n = 1,137)
(Supplementary Fig. 1). Recipients of
kidney allografts combined with other
organ types were excluded (n = 113), as
were those who had a history of organ
transplantation other than the kidney
(n = 24). Full clinical data were required
on the following variables: donor/
recipient sex, donor/recipient age, donor
type (donation after brain death, dona-
tion after circulatory death, living donor),
transplantation rank (first vs. repeat
transplantation), primary kidney disease,
donor-specific antibodies, number of
HLA-A/B/DR mismatches, presence and
type of pretransplant diabetes (type 1,
type 2, or secondary diabetes), and gly-
cated hemoglobin levels on the day of
transplantation. Protocol kidney trans-
plant biopsies were performed at the
time of transplantation and at 3, 12, and
24 months after transplantation. In addi-
tion, patients who received transplants
before October 2005 were invited for a
protocol biopsy at 36, 48, and 60 months
after transplantation; patients trans-
planted between October 2005 and No-
vember 2008 for a protocol biopsy at 36
and 60 months; and patients transplanted
between November 2008 and January
2010 for a protocol biopsy at 60 months.
Patients who did not enroll in the protocol
biopsy program were excluded (n = 34).

Data Collection

All data were prospectively collected
during routine clinical follow-up in elec-
tronic medical records, which were used
for clinical patient management and di-
rectly linked to the SAS database (SAS
Institute, Cary, NC) used in this study.
Blood pressure, estimated glomerular
filtration rate (GFR), cholesterol values,
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and proteinuria (total proteinuria/24 h)
were assessed routinely at the outpatient
clinic visits and per protocol at the biopsy
time points. The GFR was estimated using
the four-variable MDRD equation (17).
Glycated hemoglobin levels were evalu-
ated routinely and per protocol at the
biopsy time points also in patients with-
out diabetes. Patients with diabetes
received usual diabetes care. HLA anti-
bodies were screened using a Luminex
GEN-PROBE LIFECODES Deluxe kit, and
in case of positive screening, the donor
specificity was assessed using a Luminex
GEN-PROBE LIFECODES Single Antigen
Bead kit. Because only ELISA data on
donor-specific HLA antibodies were avail-
able for patients who received trans-
plants before 2008, routinely biobanked
serum samples of all patients receiving
transplants before this date were re-
tested for the presence of circulating
donor-specific HLA antibodies using
the same platform and kits.

We included all renal allograft pro-
tocol-specified biopsies performed in
this cohort. Slides were stained with
hematoxylin-eosin, periodic acid Schiff,
and methenamine silver (Jones’ stain).
One pathologist reviewed all biopsy
specimens included in this study. The
severity of chronic histological lesions
was semiquantitatively scored according
to the Banff categories for mesangial
matrix expansion, tubular atrophy, vas-
cular intimal thickening/arteriosclerosis,
interstitial fibrosis, arteriolar hyalinosis,
and transplant glomerulopathy (18,19). In
addition, the number of sclerosed glomer-
uli was scored separately (0 = 0%; 1 = 1-
25%; 2 = 25-50%; 3 >50% glomeruloscle-
rosis). Immunohistochemistry for C3d, C4/
C4d, and IgA was routinely performed on
all biopsy specimens. In case of clinical
or histological suspicion for de novo or
recurrent glomerular disease, electron
microscopy was performed.

Statistical Analysis

To assess the temporal evolution of
renal allograft histology in patients
with versus without pretransplant dia-
betes, we estimated cumulative inci-
dences of the histological lesions using
an interval-censored algorithm (20). Pa-
tients who had no biopsies (since the day
of transplantation) before the first oc-
currence of an event were left-censored.
If no lesion occurred before the end of
follow-up, patients were right-censored
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at the date of the last biopsy. The clinical
determinants of this histological evo-
lution were assessed using univariate
proportional hazards models with Weibull-
distributed failure times, again taking
interval censoring into account. For
each histological lesion, the effect of
diabetes was assessed on the hazard
of first-time occurrence of each lesion
(mesangial matrix expansion >0, tubular
atrophy >1, vascular intimal thickening/
arteriosclerosis >1, interstitial fibrosis
>1, arteriolar hyalinosis >1, transplant
glomerulopathy >1, and glomeruloscle-
rosis >25%). These lesions were consid-
ered chronic (nonregressing) and were
dichotomized to gain statistical power.
In subsequent multivariate proportional
hazards models, we evaluated the effects
of pretransplant diabetes and glycated
hemoglobin levels on the hazard of
mesangial matrix expansion corrected for
donor and recipient age and sex, recip-
ient BMI, pretransplant donor-specific
antibodies, number of HLA-A/B/DR mis-
matches, repeat transplantation, IgA ne-
phropathy as primary cause of end-stage
renal disease, and donor type. We de-
termined the evolutions of glycated
hemoglobin, estimated GFR, and log-
transformed proteinuria after transplan-
tation using a linear mixed model with
pretransplant diabetes state and time
after transplantation as fixed (spline)
effects, random intercepts, and qua-
dratic random slopes of time after trans-
plantation while controlling for the same
covariates as in the multivariate survival
model. Subsequently, we used the linear
mixed model for glycated hemoglobin
evolution to estimate subject-specific
glycated hemoglobin trajectories, which
were used in a joint longitudinal-survival
model to study the relation between
longitudinal glycated hemoglobin trends
and the hazard of developing mesangial
matrix expansion. The area under the
glycated hemoglobin curve, reflecting its
cumulative effect over time, was in-
cluded as a predictor in a multivariate,
interval-censored, proportional hazards
model. We also evaluated the cumula-
tive effect of glycated hemoglobin con-
ditional on pretransplant diabetes status.
A sensitivity analysis was performed
where we right-censored patients at
the time of the occurrence of new-onset
diabetes after transplantation to exclude
potential bias caused by this group. New-
onset diabetes exempts patients from

being at risk in the no diabetes group.
Nonetheless, inferences about baseline
covariates are not affected by this patient
group. Graft failure, censored for patient
death with a functioning graft, was an-
alyzed using the Cox model. To compare
groups, we used ANOVA for continuous
variables and the x? test for categorical
variables. Associations between contin-
uous variables and histological lesions
were assessed using Spearman correla-
tion analysis. We used SAS 9.4 software
(SAS Institute) for statistical analysis and
the JMbayes package in R for the fitting
of the joint model (21). We used two-
sided hypothesis tests with a signifi-
cance level of 5%.

RESULTS

Patients and Biopsies

Of the 953 patients included in the study,
164 (17.2%) had diabetes before trans-
plantation. The characteristics of the
patients are described in Table 1. Patients
with pretransplant diabetes were signif-
icantly older, received older donor kid-
neys, and had a higher BMI. Within the
diabetes group, 15 patients had type 1
diabetes (9.2%), 146 patients had type 2
diabetes (89.0%), and 3 patients had
other specific types of diabetes (trauma,
pancreatitis, and cystinosis) (1.8%). In
total, 3,458 protocol-specified biopsies,
with a median follow-up time of 2
years, were included in the analyses
(Supplementary Fig. 1): 707 at the time
of transplantation and 823, 762, 639,
212, 23, and 292 at 3, 12, 24, 36, 48,
and 60 months, respectively, after trans-
plantation. The median number of bi-
opsies per patient was four. By 5 years
after transplantation, there was a high
incidence of Banff grade 1 lesions of
tubular atrophy (94.9%), vascular intimal
thickening (63.0%), interstitial fibrosis
(68.5%), arteriolar hyalinosis (63.7%),
and glomerulosclerosis (87.7%) in
protocol-specified biopsy specimens
(Supplementary Table 1). Therefore, we
modeled severity grades of =2 for
these lesions. Mesangial matrix expan-
sion and glomerulopathy were less
prevalent at 5 years after transplan-
tation (12.0% and 3.4%, respectively)
and were modeled at grade =1. Sup-
plementary Table 2 provides information
on the causes of renal failure by cate-
gories of primary renal diagnosis and
glomerular diseases.

Coemans and Associates

Diabetes and Posttransplant
Histological Evolution

Pretransplant diabetes was associated
with a significantly increased cumulative
incidence of mesangial matrix expan-
sion (Fig. 1A). Mesangial matrix expan-
sion reached a cumulative incidence of
47.7% by 5 years after transplantation
in the patients with pretransplant dia-
betes versus 27.1% in the absence of
diabetes (P = 0.005). The graph for
mesangial matrix expansion started dif-
ferentiating as early as 2 years after trans-
plantation. Also in univariate proportional
hazards analyses (Supplementary Table
3), patients with pretransplant diabetes
were more prone to develop mesangial
matrix expansion after transplantation
(P = 0.001), whereas there was no dif-
ference in the development of tubular
atrophy (P = 0.74), vascular intimal
thickening (P = 0.44), interstitial fibrosis
(P =0.28), arteriolar hyalinosis (P = 0.38),
transplant glomerulopathy (P = 0.99),
and glomerulosclerosis (P = 0.75).
When we categorized patients with di-
abetes into insulin-dependent (n = 92)
and non-insulin-dependent (n = 72)
subgroups, we observed that insulin-
dependent patients had a higher cumu-
lative incidence of mesangial matrix
expansion (64.9% by 5 years) both com-
pared with patients without diabetes
(27.1% by 5 years) (P < 0.001) and com-
pared with patients with non—insulin-
dependent diabetes (27.7% by 5 years;
P = 0.002) (Fig. 1B). Diabetes did not
associate with any other histological
lesion (Fig. 1C).

The univariate estimates of potential
confounders and the (significant) mul-
tivariate estimates of the hazard for
the development of mesangial matrix
expansion over time after transplanta-
tion are shown in Table 2. In the mul-
tivariate model (model 1), pretransplant
diabetes significantly increased the haz-
ard of developing mesangial matrix
expansion (hazard ratio 1.55 [95% ClI
1.07-2.26]; P = 0.02), as did recipient
age (hazard ratio 1.20 per 10 years
[95% CI, 1.05-1.38]; P = 0.008).
Diabetes in the kidney donors, IgA ne-
phropathy as original disease, and
donor-specific HLA antibodies were not
associated with an increased risk of
mesangial matrix expansion. Older donor
age was significantly associated with
mesangial matrix expansion in univariate
analysis but was not significant in the
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Table 1—Demographic and clinical characteristics of renal transplant donors and recipients at time of transplantation,
according to pretransplant diabetes state
No pretransplant diabetes Pretransplant diabetes

Total (n = 953) (n = 789) (n = 164) P value®
Recipient demographics
Female sex 373 (39.1) 315 (39.9) 58 (35.4) 0.28
Age (years) 53.6 = 13.1 52.6 = 13.5 58.7 = 9.53 <0.001
Repeat transplant 146 (15.3) 124 (15.7) 22 (13.4) 0.46
Weight (kg) 72.8 = 14.7 71.4 = 14.0 79.9 = 16.0 <0.001
BMI (kg/mz) 25.35 = 4.48 24.80 = 4.23 28.03 = 4.69 <0.001
Normal (<25) 485 (50.9) 442 (56.0) 43 (26.2) <0.001
Overweight (25-30) 318 (33.4) 252 (31.9) 66 (40.2) 0.04
Obesity (>30) 150 (15.7) 95 (12.0) 55 (33.5) <0.001
IgA nephropathy 97 (10.2) 86 (10.9) 11 (6.71) 0.11
Pretransplant donor-specific HLA antibodies 116 (12.2) 96 (12.2) 20 (12.2) 0.99
HLA-A/B/DR mismatches 2.73 (1.31) 2.72 (1.29) 2.77 (1.40) 0.65
Glycated hemoglobin(%) (mmol/mol) 5.46 = 0.72 (36 = 7.9) 5.26 = 0.36 (34 £ 3.9) 6.42 = 1.12 (47 = 12.2) <0.001
Hemoglobin (g/dL) 11.18 £ 1.77 11.18 £ 1.79 11.21 = 1.69 0.82
Diabetes type 1 = = 15 (9.15) =
Diabetes type 2 = = 146 (89.0) =
Other specific diabetes type = = 3 (1.83) =
Insulin use = = 92 (56.1) =
Donor demographics
Female sex 445 (46.7) 361 (45.8) 84 (51.2) 0.20
Age (years) 47.8 + 14.8 47.4 + 14.8 49.9 + 14.9 0.04
Living donors 53 (5.56) 52 (6.59) 1 (0.61) 0.002
Donation after brain death 743 (78.0) 607 (76.9) 136 (82.9) 0.09
Donation after cardiac death 157 (16.5) 130 (16.5) 27 (16.5) 1.00
Donor diabetes® 25 (3.39) 19 (3.13) 6 (4.62) 0.39
Cold ischemia time (h) 14.3 * 5.56 14.1 * 5.67 15.3 * 4.93 0.008
Extended criteria donor® 261 (29.6) 209 (28.7) 52 (33.8) 0.21
Delayed graft function 179 (18.8) 132 (16.7) 47 (28.7) <0.001
Posttransplant data
Estimated GFR (mL/min/1.73 m?)
At 1 year 51.7 = 17.7 51.6 = 17.7 52.3 £ 17.8 0.68
At 2 years 51.4 = 17.9 51.5 * 17.7 50.9 £ 19.2 0.71
At 5 years 50.5 = 18.3 50.7 = 18.1 49.0 = 19.4 0.43
Proteinuria (g/24 h)
At 1 year 0.27 = 0.72 0.25 * 0.69 0.38 = 0.86 0.004
At 2 years 0.26 = 0.48 0.24 = 0.44 0.37 £ 0.63 0.001
At 5 years 0.24 = 0.32 0.24 * 0.32 0.26 * 0.27 0.88
Systolic blood pressure (mmHg)
At 1 year 135 *+ 16.8 134 + 16.1 142 + 18.5 <0.001
At 2 years 137 = 17.4 136 * 16.8 142 = 19.4 0.003
At 5 years 138 + 18.1 138 + 17.2 142 + 22.5 0.166
Diastolic blood pressure (mmHg)
At 1 year 76.6 = 10.0 77.0 = 9.87 75.0 = 10.5 0.036
At 2 years 783 * 11.1 78.8 = 10.8 75.4 £ 123 0.003
At 5 years 79.0 = 11.9 79.7 = 11.7 75.0 £ 12.6 0.004
Glycated hemoglobin (%)
At 1 year 5.96 = 0.88 5.78 = 0.61 7.00 = 1.34 <0.001
At 2 years 5.92 = 0.84 5.75 = 0.60 6.90 * 1.22 <0.001
At 5 years 5.94 = 0.85 5.75 = 0.62 7.10 = 1.13 <0.001
Total cholesterol (mg/dL)
At 1 year 177 * 36.8 179 * 35.85 165 * 39.3 <0.001
At 2 years 178 = 37.8 180 * 38.06 167 = 34.5 <0.001
At 5 years 174 = 38.3 176 * 37.65 157 = 38.9 <0.001
Triglycerides (mg/dL)
At 1 year 139 £ 79.9 137 £ 714 154 * 84.3 0.026
At 2 years 140 = 73.3 137 = 72.0 153 = 78.8 0.032
At 5 years 138 * 85.5 137 = 85.9 152 * 81.9 0.255
Overall graft survival®
At 1 year 94.8 95.7 90.2 0.004
At 2 years 91.9 93.4 84.8 <0.001
At 5 years 82.1 84.7 69.5 <0.001

Continued on p. 5
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Table 1—Continued

No pretransplant diabetes

Pretransplant diabetes

Total (n = 953) (n = 789) (n = 164) P value®
Death-censored graft survival®
At 1 year 96.6 97.1 94.4 0.09
At 2 years 95.4 95.9 93.1 0.12
At 5 years 91.0 914 89.2 0.33

Data are n (%) or mean = SD. ®Frequency is based on 738 donors for whom these data were available. PFrequency is based on 882 donors for
whom these data were available. “Overall graft survival = composite of graft failure and recipient death. “Death-censored graft survival = graft
failure censored at time of recipient death with a functioning graft. °P values are based on x? test for the categorical variables, on two-sample
t test for continuous variables, and on the log-rank test for survival estimates. Proteinuria was log-transformed.

multivariate model as a result of collin-
earity with recipient age (correlation
coefficient 0.29). We found no differ-
ences between patients with type 1 and
type 2 diabetes in the hazard of devel-
oping mesangial matrix expansion after
transplantation (P = 0.80 in the multi-
variate model).

Diabetes, Posttransplant Graft
Function, and Graft Failure

In Fig. 2A and B, the posttransplantation
trends of estimated GFR and concomi-
tant 24-h proteinuria are shown at the
protocol biopsy time points. Mesangial
matrix expansion did not significantly
correlate with estimated GFR at any
given posttransplant time point, whereas
proteinuria was positively correlated at
24 and 36 months (P = 0.02 and 0.04, re-
spectively) but not at 5 years. On the
basis of a multivariate linear mixed model
with 73,679 values for estimated GFR
and 43,516 values for 24-h proteinuria
collected over time after transplantation
and corrected for baseline donor and
recipient characteristics, pretransplant
diabetes was associated with protein-
uria (P < 0.001) but not with estimated
GFR (P = 0.30). The association with
proteinuria was significant early after
transplantation but disappeared over
time. Graft failure occurred in 79
(8.2%) of 953 patients: 16 (9.8%) of
164 (9.8%) patients with pretransplant
diabetes and 63 (8.0%) of 789 patients
without diabetes before transplantation,
which was not significantly different
(log-rank test P = 0.33). During this pe-
riod, 82 (8.6%) of 953 patients died with
a functioning graft: 31 (18.9%) of 164
patients with pretransplant diabetes
and 51 (6.5%) of 789 patients without
diabetes before transplantation, which
was significantly different (log-rank test
P < 0.001).

Glycemic Control and Mesangial
Matrix Expansion

For the total cohort, 8,750 glycated he-
moglobin values were available. At the
time of transplantation, mean glycated he-
moglobin in patients with diabetes was
6.42 = 1.12% (47 = 12.2 mmol/mol)
vs. 5.26 * 0.36% (34 = 3.9 mmol/mol)
in patients without diabetes (P <
0.001) (Table 1). Supplementary Figure
2 shows a sample of 80 patients’ glycated
hemoglobin profiles by time after
transplantation, categorized by pretrans-
plant diabetes state. Patients with pre-
transplant diabetes had higher glycated
hemoglobin levels, but the glycated he-
moglobin trajectories were highly vari-
able and partly overlapped with those of
patients without pretransplant diabetes
(Fig. 2C). Immediately posttransplanta-
tion, average glycated hemoglobin levels
increased in both groups and then re-
mained stable.

An increase in pretransplant glycated
hemoglobin levels increased the hazard
of developing mesangial matrix expansion
after transplantation (hazard ratio 1.23
[95% ClI 1.02-1.48]; P = 0.03) (Table 2
and Supplementary Fig. 3). The cumulative
effect of glycated hemoglobin levels
(until event time) on the hazard of the
first occurrence of mesangial matrix
expansion was not significant (P =
0.61) (Supplementary Table 4 and
Supplementary Fig. 3). Also conditionally
on the diabetes group effect, no cumula-
tive effect of glycated hemoglobin levels
was found (P = 0.80). Although pretrans-
plant diabetes increased the hazard of
mesangial matrix expansion after trans-
plantation, this effect could not be
explained by the patients’ glycated he-
moglobin levels after transplantation.

Sensitivity Analysis
A sensitivity analysis in which patients with
new-onset diabetes after transplantation

(n = 249) were right-censored at the
time of diabetes onset confirmed our
findings. Also in this analysis, patients
with pretransplant diabetes were more
prone to develop mesangial matrix ex-
pansion after transplantation (hazard ra-
tio 1.61 [95% CI 1.07-2.42]; P = 0.02), as
were patients with higher glycated he-
moglobin levels at the time of transplan-
tation (hazard ratio 1.24 [95% ClI 1.02—
1.51]; P = 0.03). Posttransplant glycemic
control, as measured by the area under
the glycated hemoglobin curve, was not
associated with mesangial matrix expan-
sion (hazard ratio 1.04 [95% C1 0.89-1.21];
P =0.61). A second sensitivity analysis was
performed in which we expanded the joint
model with the (modeled) patient-specific
BMI and hemoglobin trajectories. Time-
dependent box plots for these parameters
are shown in Supplementary Fig. 4. Also
in this sensitivity analysis, the cumulative
effect of glycated hemoglobin on the risk
for developing mesangial matrix expansion
remained insignificant (P=0.77). Hence, we
concluded that the relation between gly-
cated hemoglobin and mesangial matrix
expansion was not influenced by BMI or
hemoglobin levels.

Because of its time-varying and pa-
tient-specific nature, medication use af-
ter transplantation was not included in
the multivariate models. Supplementary
Table 5 shows medication use at the
biopsy time points and thereby gives a
general idea about the patients’ thera-
pies. Except for insulin use, no notable
differences in drug use were observed
between patients with and without pre-
transplant diabetes.

CONCLUSIONS

In our analysis of systematic, protocol-
specified, renal allograft biopsy specimens
in a large patient cohort, pretrans-
plant diabetes was associated with the
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Figure 1—Cumulative incidence of kidney allograft histology over time after transplantation,
according to pretransplant diabetes state and insulin dependency. A: Cumulative incidence
plot for first detection of mesangial matrix expansion (grade =1) according to pretransplant
diabetes state. B: Cumulative incidence plot for first detection of mesangial matrix expansion
grade =1) according to pretransplant insulin dependency. C: Cumulative incidence plots are
shown for first detection of tubular atrophy (grade =2), vascular intimal thickening (grade =2),
interstitial fibrosis (grade =2), arteriolar hyalinosis (grade =2), glomerulopathy (grade =1), and
glomerulosclerosis (>25%) according to pretransplant diabetes state. The estimates are based on
combining the expectation-maximization algorithm and the (modified) iterative convex minorant
algorithm (to account for interval censoring), and the numbers at risk are based on the Kaplan-
Meier method, considering biopsy time as event or right-censored time.

development of mesangial matrix ex-
pansion, the earliest structural sign of
diabetic nephropathy. This effect was
noted already by 2 years after trans-
plantation. Diabetic nephropathy devel-
oped despite good glycemic control.
Pretransplant diabetes associated with
posttransplant proteinuria but not with
estimated GFR or graft failure. Mesangial

matrix expansion was not specific for
diabetic nephropathy and associated
with increasing age also in patients with-
out diabetes.

Also in previous studies, diabetic ne-
phropathy was observed within the
first 2 years after transplantation (10,13,
22-24), but this phenomenon was noted
in an era with less-intensive glycemic
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control than is possible today and than
was achieved in the current cohort. Gly-
cated hemoglobin levels increased imme-
diately after transplantation in our cohort
both in patients with pretransplant di-
abetes and in patients without diabetes,
which can be explained by the universal
use of calcineurin inhibitors and steroids
and by the occurrence of new-onset di-
abetes after transplantation, as was also
reported previously by others (25). Post-
transplant glycated hemoglobin levels,
however, did not predict the occurrence
of mesangial matrix expansion in our
study, whereas pretransplant diabetes
status remained associated, even after
adjustment for other demographic factors
like BMI, age, and sex. This is in contrast
with an older study where better glycemic
control was associated with a lower risk
of mesangial matrix expansion in renal
allografts (12). The results of this historical
study do not necessarily correspond to
current clinical practice with the advent
of novel glucose-lowering agents and new
insulin analogs. Our cohort showed aver-
age posttransplant glycated hemoglobin
levels of ~7% (53 mmol/mol) in patients
with pretransplant diabetes compared
with 12% (108 mmol/mol) in the control
arm of the previous study (12). The bet-
ter glycemic control in our patients thus
might partially explain why no cumulative
effect of glycated hemoglobin levels after
transplantation was found. In addition,
most patients included in our study had
type 2 diabetes, which is an important
difference with the earlier study that was
restricted to patients with type 1 diabe-
tes. The finding that diabetic nephropa-
thy occurs independently of glycated
hemoglobin levels could be explained
by effects of diabetes on hemodynamics,
inflammation, advanced glycation end
product formation, and oxidative stress
that contribute to mesangial matrix ex-
pansion (26-28).

These other metabolic factors also
might have contributed to the develop-
ment of mesangial matrix expansion in
our study but could not be tested. Other
residual metabolic factors like dyslipide-
mia, hemodynamic factors, and other
features of the metabolic syndrome
might contribute to the development
of mesangial matrix expansion. However,
patient-specific estimated BMI did not
show a significant association with the
hazard for developing mesangial matrix
expansion in this study. The higher
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Table 2—Hazard ratios for occurrence of mesangial matrix expansion for donor and recipient characteristics, including

pretransplant diabetes state in univariate and multivariate analyses

Parameter Hazard ratio (95% Cl) P value
Univariate analysis
Pretransplant diabetes 1.80 (1.27-2.55) 0.001
Type 1 diabetes (vs. type 2) 0.53 (0.13-2.20) 0.38
Insulin-dependent diabetes (vs. no diabetes or
non—insulin-dependent diabetes) 2.44 (1.64-3.64) <0.001
Glycated hemoglobin at time of transplantation (per %) 1.31 (1.12-1.54) 0.001
Recipient age (per 10 years) 1.25 (1.10-1.41) <0.001
Recipient weight (per kg) 1.01 (1.00-1.02) 0.11
Recipient male (vs. female) 1.07 (0.79-1.45) 0.65
Recipient BMI (per 1 kg/m?) 1.03 (1.00-1.06) 0.11
IgA nephropathy (vs. other cause of end-stage renal
disease) 0.85 (0.52-1.41) 0.53
Glomerulonephritis as primary renal disease 0.89 (0.63-1.24) 0.49
Repeat transplant (vs. first transplant) 1.04 (0.67-1.59) 0.87
Pretransplant donor-specific HLA antibodies (vs. no
pretransplant donor-specific antibodies) 0.98 (0.61-1.57) 0.93
HLA-A/B/DR mismatches (per mismatch) 1.10 (0.98-1.23) 0.10
Cold ischemia time (per hour) 1.02 (0.99-1.05) 0.17
Donor age (per 10 years) 1.14 (1.03-1.27) 0.01
Donation after cardiac death 0.99 (0.72-1.37) 0.97
Living donor 0.98 (0.65-1.49) 0.93
Male donor (vs. female) 0.90 (0.67-1.20) 0.46
Donor diabetes (vs. no diabetes) 0.45 (0.11-1.82) 0.26
Multivariate analysis®
Model 1
Pretransplant diabetes (vs. no pretransplant diabetes) 1.55 (1.07-2.26) 0.02
Recipient age (per 10 years) 1.20 (1.05-1.38) 0.008
Model 2
Glycated hemoglobin at time of transplantation (per %) 1.23 (1.02-1.48) 0.03
Recipient age (per 10 years) 1.19 (1.04-1.37) 0.01

All analyses were based on the Weibull survival model for mesangial matrix expansion as end point, taking interval censoring into account. Model 1
is the multivariate model that included the covariate pretransplant diabetes state. Model 2 is the multivariate model in which pretransplant

diabetes state was replaced by glycated hemoglobin levels at time of transplantation. *Both multivariate models were corrected for donor and
recipient sex, donor and recipient age, recipient BMI, donor type, repeat transplantation, IgA nephropathy as original kidney disease, presence of
donor-specific antibodies, and number of HLA mismatches.

cumulative incidence of mesangial ma-
trix expansion in insulin-dependent pa-
tients with diabetes might reflect an
effect of insulin treatment itself, with
more hypoglycemic hyperinsulinemic
episodes, a trophic effect of insulin,
and more fluctuating glucose profiles.
Another explanation for the apparent
independence of glycemic control in de-
veloping mesangial matrix expansion
might be hyperglycemia-induced oxida-
tive stress and inflammation (29). This
is illustrated by experimental studies
where use of glucose-sodium transporter
blockade with SGLT2 inhibitors pre-
vented or reversed diabetic nephropathy
(30,31), also independently of its glu-
cose-lowering effect (32,33). In addition,
GLP-1 agonists in clinical trials and more
novel therapeutics targeting podocyte
histone modification and apoptosis in
preclinical trials have shown promis-
ing nephroprotective effects in dia-
betic kidney disease (34). Whether more

systematic use of drugs like SGLT2 in-
hibitors in the posttransplant setting
would be able to lower the risk of
rapid-onset diabetic nephropathy needs
further study.

Our analysis did not show associations
of diabetes with other chronic histologic
lesions after transplantation. This is in
concordance with a recent study where
occurrence of arteriolar hyalinosis and
interstitial fibrosis at 10 years posttrans-
plantation were not significantly associ-
ated with pretransplant diabetes (16).
These findings suggest that in clinical
routine, vascular intimal thickening
and arteriolar hyalinosis can no longer
be interpreted as a function of diabetes
state. We also described that mesangial
matrix expansion is not specific for di-
abetic nephropathy and associates in-
dependently with increasing age. This
finding confirms previous suggestions
in experimental settings that mesangial
matrix expansion is a characteristic of

renal aging, which could ultimately con-
tribute to age-associated glomerulo-
sclerosis (35,36). The suggestion that
senescence is a main mechanism by
which kidneys are damaged in type 2
diabetic nephropathy thus could fur-
ther explain our findings and merits ad-
ditional study (37,38).

In addition to the evaluation of the
effect of diabetes on graft structural
changes, we assessed the effect of di-
abetes on graft function and proteinuria.
The early effects of hyperglycemia during
the clinically silent phase of diabetic
nephropathy are dominated by hemo-
dynamic factors, including glomerular
hyperfiltration as a consequence of ele-
vated intraglomerular pressure and re-
sulting in glomerular injury, only later to
be followed by microalbuminuria and
progressive decline of GFR (39-45).
We did not observe such hyperfiltra-
tion or progressive decline of glomeru-
lar filtration. In addition to controversy
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Figure 2—Evolution of estimated GFR (eGFR), proteinuria, and glycated hemoglobin levels over
time after transplantation according to pretransplant diabetes state. Time-dependent box plots,
with whiskers maximally 1.5 times the interquartile range, are shown for eGFR (A), proteinuria
(B), and glycated hemoglobin (HbA,.) (C). Plots are based on all available data at 3, 12, 24,
36, 48, and 60 months after transplantation. For HbA,., we also included the box plot at day of
transplantation. On the basis of a linear mixed model (see text), it was shown that patients with
pretransplant diabetes had a significantly different posttransplant evolution of proteinuria
(P < 0.001) and HbA;. (P < 0.001) but not of eGFR (P = 0.30).

around hyperfiltration in the pathogen-
esis of diabetic nephropathy, especially
in type 2 diabetes, hyperfiltration re-
mains difficult to detect clinically with
current equations for estimating glomer-
ular filtration (46,47). Moreover, follow-
up time in our study may be have
been too short to detect these functional
changes. Finally, other confounding fac-
tors might abort hyperfiltration in trans-
plant recipients, such as the use of
calcineurin inhibitors, renal denervation,
and frequent use of other drugs that
directly affect renal hemodynamics, in-
cluding ACE inhibitors and angiotensin
receptor blockers. The association be-
tween pretransplant diabetes and pro-
teinuria was significant early after
transplantation but disappeared over
time. Although our data cannot prove
causality, this time dependency of the
association suggests that proteinuria is
not the reflection of progressive diabetic
nephropathy in the transplanted kid-
ney. This finding could be explained by
early proteinuria originating from the
native kidneys in patients with pretrans-
plant diabetes and loss of residual na-
tive kidney function over time after
transplantation.

This study has some limitations. All
posttransplant surveillance biopsy speci-
mens were scored according to the Banff
semiquantitative biopsy assessment
(18,19), which is not specifically devel-
oped for scoring diabetic nephropathy.
We did not perform electron microscopy
to evaluate glomerular basement mem-
brane thickening or more subtle grades
of mesangial matrix expansion that could
have been missed in our study. We also
did not use computerized imaging for
measurement of mesangial matrix vol-
ume, as was used in earlier studies on
diabetic nephropathy (6). We analyzed
the time to first occurrence of lesions,
thereby not looking at injury progression.
Data on microalbuminuria, macroalbu-
minuria, and glucose-level variability
were lacking, and glycated hemoglobin
levels could be affected by patient-
specific factors such as red cell survival,
hemolysis, use of erythropoietin, and
renal impairment itself. Fewer biopsies
were performed late after transplanta-
tion compared with the early phase,
which is inherent to the protocol bi-
opsy program. By right-censoring the
patients at time of last follow-up, we as-
sumed that the observed patients are
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representative of those who dropped
out. There is a possibility that informa-
tion is conveyed within the dropout
mechanism. However, because diabetic
nephropathy develops over a long period
without immediate clinical impact, it is
unlikely that patients dropped out as a
result of diabetic nephropathy within the
first 5 years after transplantation. It is
unlikely that mesangial matrix expansion
influenced the patients’ or physicians’
decisions to not participate in the pro-
tocol biopsy program. In addition, we
controlled our multivariate models for
related confounders, like donor and re-
cipient age, which also partly captures the
dropout mechanism. Given this and the
prospective nature of the protocol biop-
sies, we believe that the statistical bias of
our results is minimized. With regard to
the lack of association between pretrans-
plant diabetes and posttransplant esti-
mated GFR or graft failure, it needs to be
emphasized that follow-up might be too
short to observe such associations and
that studies with even longer follow-up
are needed to study such effects. Finally,
our study design did not allow the
drawing of conclusions about the renal
impact of new-onset diabetes after
transplantation.

In conclusion, our analysis of system-
atic, protocol-specified renal allograft
biopsy specimens obtained over the first
5 years after transplantation indicate
that the structural changes of diabetic
nephropathy can occur very rapidly, de-
spite intensive glycemic control and ir-
respective of the type of diabetes, which
reinforces the need for research on bet-
ter treatment options for the preven-
tion of diabetic nephropathy also after
kidney transplantation. The effect of
pretransplant diabetes on mesangial
matrix expansion was independent of
posttransplant glycemic control, hall-
marked by glycated hemoglobin levels,
which suggests that other mechanisms
also underlie the rapid development of
mesangial matrix expansion in patients
with diabetes. Prevention of diabetic
nephropathy requires more than pursu-
ing low levels of glycated hemoglobin.
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