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Summary
Background and objectives Calcineurin inhibitors, while representing advances for solid organ transplanta-
tion, have nephrotoxic potential that reduces their net benefit. Tacrolimus has been considered less nephro-
toxic than cyclosporine, but direct quantitative comparisons of the changes in renal structure from baseline
to follow-up biopsies have not been done. To avoid the pitfalls of renal allograft studies, including rejection
and disease recurrence, we compared the development of calcineurin lesions in the native kidneys of 14
tacrolimus– and 12 calcineurin–treated pancreas transplant alone recipients cured of type 1 diabetes.

Design, setting, participants, & measurements Research renal biopsies obtained before and at 5 years after
transplantation were studied using established morphometric methods.

Results The cyclosporine and tacrolimus groups had, respectively, on average, 33% versus 44% decline in
GFR (ns), 27% versus 29% increase in cortical interstitial fractional volume (ns), 245% versus 347% increase
in the fractional volume of cortical tubules that were atrophic (ns), and 291% versus 392% increase in the
percent of globally sclerotic glomeruli (ns). Arteriolar hyalinosis did not change significantly in either
group.

Conclusions These studies indicate that the nephrotoxic potential of tacrolimus and cyclosporine are equiva-
lent and support the development of strategies to reduce these negative effects.
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Introduction
Calcineurin inhibitors (CNI) improved early renal al-
lograft survival and revolutionized transplantation of
nonrenal organs, including heart, liver, lung, and
pancreas. Nevertheless, cyclosporine (CSA) and ta-
crolimus (TAC) have important adverse effects, espe-
cially nephrotoxicity (1). Thus, 5 years after liver
transplantation, renal failure prevalence is 18% (2)
and progressive renal damage in nonrenal organ
transplant recipients is a significant contributor to
ESRD (2). Both CSA and TAC have renal hemody-
namic effects leading to rapid reductions in GFR
which, early on, are reversible upon dose reduction or
cessation (1). Eventually, GFR loss may become irre-
versible, reflecting structural changes, including tu-
bular atrophy, interstitial fibrosis, glomerulosclerosis,
and arteriolopathy (3). The suggestion that TAC may
be less nephrotoxic than CSA (2) remains controver-
sial (4), as recently outlined (5). Most studies compar-
ing renal injury associated with these agents were in
renal allografts where it is often impossible to dis-
criminate between structural changes from drug tox-
icity versus other causes of cortical scarring (1).
Whereas there are several biopsy studies in native
kidneys of CSA patients (1), there is little information
on TAC lesions in native kidneys. Studies in liver
transplantation described similar renal pathologic
findings in patients treated with CSA and TAC (6);

however, kidney biopsies were performed for clinical
indications and cannot be considered as representative
of the liver transplant population. Finally, nearly all
studies have been limited by the lack of baseline kidney
biopsies. In liver transplant patients, for example, there
may be pre-existing renal lesions from diabetes, hyper-
tension, hepatitis C, and other disorders (7).

We reported that CSA-associated renal lesions de-
velop in recipients with type 1 diabetes (T1DM) of suc-
cessful pancreas transplant alone (PTA) who had pro-
tocol renal biopsies before and 5 years after PTA (8).
Here, we evaluated renal structure in TAC-treated
T1DM patients with successful PTA who underwent
protocol renal biopsies before and 5 years after PTA,
thus, allowing direct comparison between TAC- and
CSA-related lesions.

Materials and Methods
Patients and Study Design

TAC group. Fourteen patients met the entry criteria:
T1DM recipients of successful PTA (normoglycemia and insu-
lin independence for 5 years); on TAC as part of their immu-
nosuppression; protocol kidney biopsies before and 5 years
after PTA.

CSA group. The study design and entry criteria were
the same, but patients received CSA. These CSA studies have
been previously published (8) and 12 of the original 13 patients
(8) are included here: one patient, on CSA for only 1 year, was
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excluded so that this cohort was more comparable with the
TAC group. Eleven of the 14 patients received TAC for all 5
years, and two discontinued during their fifth posttransplant
year because of elevated serum creatinine levels and one be-
cause of migraine headaches. Patients in neither group were
receiving other potentially nephrotoxic drugs at the time of the
baseline or 5-year biopsies. One patient in each group required
retransplantation because of rejection.

These studies were approved by the Committee for the
Use of Human Subjects in Research of the University of
Minnesota, and all patients gave written informed consent
before each evaluation.

Procedures
Patients were admitted to the General Clinical Re-

search Center (GCRC) at the University of Minnesota
for pre-PTA and follow-up evaluations. Patients un-
derwent three 24-hour urine collections for measure-
ments of creatinine clearance (CrCl) by the Jaffé reac-
tion (normal range: 90 to 130 ml/min per 1.73 m2) and
urinary albumin excretion rate (AER) by nephelome-
try (normal values �22 mg/24 h). GFR by plasma
iohexol clearance was measured in most of the fol-
low-up evaluations but only in some of the baseline
evaluations; thus, only CrCl data are presented. How-
ever, CrCls obtained in the GCRC were highly corre-
lated with iohexol GFR in 21 measurements in these
patients (r � 0.88, P � 0.001). BP was measured
repeatedly by the GCRC nursing staff. Glycated he-
moglobin (A1c) was measured by HPLC (BioRad Dia-
mat, BioRad Laboratories, Hercules, CA) (normal
range: 4.0% to 6.1%). CSA and TAC trough blood
levels were measured by HPLC.

Renal Biopsy Studies
Light microscopy tissue was fixed in Zenker solu-

tion, embedded in paraffin, cut in 2- to 3-�m sections,
and stained with periodic acid–Schiff stain. Morpho-
metric measurements were performed by a single
masked observer (P.F.), unaware of the patient’s iden-
tity.

Interstitial volume fraction per cortex [Vv(Int/cortex)]
was estimated by point counting at 300�. Points falling
on the interstitium, defined as the space outside Bow-
man’s capsule, tubular basement membrane (TBM) and
vessels larger than one tubular diameter, and total num-
ber of points overlying the cortical tissue were counted
using a 1:4 grid with a distance between fine points of 13
mm (normal value: 0.15 � 0.02). The presence of striped
fibrosis, defined by bandlike interstitial fibrosis and tu-
bular atrophy along the medullary rays, and the pres-
ence of isometric vacuolization of tubules were recorded
as dichotomous variables (present or absent) by a
masked observer (B.N.).

Percentage of global glomerulosclerosis (%GS) was
determined when at least 15 glomeruli [26 (15 to 78);
median (range)] on multiple sections were available (9)
(normal value: �10%). Percentage of glomeruli with
focal segmental glomerulosclerosis was similarly de-
termined.

Fractional volume of atrophic tubules per total con-

trol tubules [Vv(AT/TT)] was estimated by point
counting on all available cortical tissues. A 1:9 grid
with a distance between fine points of 10 mm was
used (normal value: 0). Tubular atrophy was defined
by the presence of thickened or reduplicated TBM
surrounding tubules of reduced diameters containing
shortened tubular epithelial cells; in the absence of
thickened TBM, atrophy was defined as tubular di-
ameter reduced by more than 50% as compared with
that of adjacent tubules (10).

The index of arteriolar hyalinosis (IAH) is an esti-
mate of the severity of arteriolar wall infiltration by
hyaline material. Arteries smaller than the average
tubular diameter [24 (6 to 76) median (range) were
scored by two masked observers (B.N. and M.M.) for
estimation of the fraction of the vascular profile occu-
pied by hyaline (11). Calculation of the index also
includes weighting for higher fractions (11), based on
earlier studies linking global glomerulosclerosis in
T1DM only with more severe hyalinosis lesions (9).

Tissue for electron microscopy was processed and
measured as previously detailed (12) to determine
mesangial volume fraction per glomerulus [Vv(Mes/
glom)] and glomerular basement membrane width.

Statistical Analyses
Results are expressed as mean � SD, except for

AER, which not normally distributed, is expressed as
median and range. AER values were logarithmically
transformed before analyses. Comparisons of baseline
with 5-year follow-up data used the paired two-sided t
test.

The changes from baseline to 5-year follow-up in
the TAC and CSA groups were compared by un-
paired two-sided t test. Linear regression analyses
were used to evaluate the relationships between drug
dose and plasma levels at different times, and between
dose and levels and changes in the structural parame-
ters over 5 years. Spearman rank order correlation was
used to study relationships between nonparametric
variables. Striped fibrosis at baseline and follow-up bi-
opsies was compared using �2 test or Fisher exact test
where applicable. Statistical significance was set at P �
0.05; however, all P values �0.10 are provided.

Results
TAC Group

These patients (four men and ten women) were
39.2 � 8.3 years old, with T1DM for 22.1 � 10.0 years
(Table 1). Follow-up studies were at 4.6 � 0.8 years
after PTA. All were insulin-independent and normo-
glycemic during the study. A1c, 8.9 � 1.9% before
PTA, was normal 5 years after PTA (5.24 � 0.7; P �
0.0001 versus baseline). Serum creatinine (SCr) increased
from 0.86 � 0.21 to 1.55 � 0.66 mg/dl (P � 0.0001) and
GFR decreased from 98 � 24 to 52 � 26 ml/min per 1.73
m2 from baseline to 5 years (P � 0.001).

AER was 25 (6 to 815) �g/min before and 9 (3 to
3012) �g/min at 5 years (ns). BP was 125 � 15/70 �
9 mmHg before and 129 � 13/72 � 11 at 5 years (ns).
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The number of patients receiving antihypertensive
therapy increased from 6 before PTA to 10 at 5 years.

TAC dose was 6.2 � 2.7 mg/d (0.074 � 0.034
mg/kg per d) in the first year, 5.1 � 2.01 (0.063 �
0.028) in the fourth year, and 5.0 � 2.4 (0.062 � 0.029)
in the fifth year (ns). TAC blood levels decreased from
9.9 � 1.8 �g/L in the first year to 7.6 � 1.2 �g/L at 4
years (P � 0.001 versus 1 year) and 6.9 � 1.9 at 5 years
(P � 0.005 versus 1 year).

CSA group. These 12 patients (five men and seven
women) were 32 � 7 years old, with T1DM for 19 �
6 years (Table 1). All were insulin-independent and
normoglycemic during the study. SCr increased from
0.89 � 0.28 to 1.24 � 0.36 mg/dl (P � 0.001) and GFR
decreased from 106 � 19 to 70 � 21 ml/min per 1.73
m2 at 5 years after PTA (P � 0.001). Neither AER [71
(5 to 886) �g/min at baseline and 21 (1.4 to 1986)
�g/min at 5 years] nor BP changed significantly. Pa-
tients receiving antihypertensive therapy increased
from 2 before PTA to 11 at 5 years.

CSA dose decreased from 8.4 � 2.7 mg/kg per d
during the first year to 4.6 � 1.6 during the fifth year
after PTA (P � 0.001). CSA blood levels decreased
from 191 � 65 �g/L in the first year to 92 � 38 �g/L
at 5 years (P � 0.005).

Baseline Comparisons
TAC and CSA groups were comparable for all base-

line clinical characteristics, except age (P � 0.03; Table
1). Baseline Vv(Int/cortex), Vv(AT/TT), %GS, % seg-
mental glomerulosclerosis, and the index of IAH were
superimposable in the two groups, as was the severity
of diabetic glomerulopathy (Table 1).

Comparison of Renal Functional and Structural
Changes in the TAC and CSA Groups

The decline in GFR was similar in the TAC and
CSA groups (Table 2); AER did not change signifi-
cantly in either group (Table 2).

Vv(Int/cortex), elevated at baseline in the TAC
group (0.223 � 0.042), increased significantly at 5
years (0.285 � 0.054, P � 0.001). This 29% increase
was similar to the 27% increase in the CSA group
(from 0.248 � 0.050 to 0.314 � 0.077, P � 0.005)
(Figure 1, Table 2). Whereas there was no striped
fibrosis in either group at baseline, 29% of TAC (�2 �
4.67, P � 0.05) and 27% of CSA biopsies (�2 � 3.47,
P � ns) showed striped fibrosis at 5 years, with no
difference between the groups.

Vv(AT/TT) increased by 346% in the TAC group
(from 0.044 � 0.043 to 0.201 � 0.127, P � 0.001) and by

Table 1. Baseline clinical features and renal structural parameters in TAC- and CSA-treated PTA recipients

TAC Group CSA Group P

Gender (men/women) 4/10 5/7 NS
Age (years) 39.2 � 8.3 32.3 � 7.3 0.023
Diabetes duration (years) 22.1 � 10.0 18.8 � 6.3 NS
Serum creatinine (ml/dl) 0.86 � 0.21 0.89 � 0.26 NS
GFR (ml/min per 1.73 m2) 98 � 24 106 � 19 NS
AER (�g/min) 25 (6 to 815) 71 (5 to 886) NS
Vv(Int/cortex) 0.223 � 0.042 0.248 � 0.050 NS
Vv(AT/TT) 0.044 � 0.043 0.042 � 0.042 NS
% Global glomerulosclerosis 6.1 � 7.5 9.1 � 10.6 NS
% Segmental glomerulosclerosis 3.4 � 7.1 5.6 � 12.7 NS
Index of arteriolar hyalinosis 0.815 � 0.56 0.826 � 0.55 NS
GBM width (nm) 541 � 107 585 � 125 NS
Vv(Mes/glom) 0.33 � 0.09 0.32 � 0.07 NS

GBM, glomerular basement membrane.

Table 2. Changes in renal function and structure from baseline to 5-year post-PTA in the TAC and CSA groups

Change in 5 years TAC Group CSA Group P

Serum creatinine (ml/dl) 0.65 � 0.38 0.35 � 0.08 NS
GFR (ml/min per 1.73 m2) �43 � 19 �35 � 16 NS
AER (�g/min) �3 (�755 to 2987) �2 (�858 to 1722) NS
Vv(Int/cortex) 0.057 � 0.062 0.067 � 0.07 NS
Vv(AT/TT) 0.143 � 0.149 0.102 � 0.09 NS
% Global glomerulosclerosis 22.9 � 14.3 23.3 � 20.4 NS
% Segmental glomerulosclerosis 4.7 � 7.9 9.9 � 8.3 NS
Index of arteriolar hyalinosis 0.053 � 0.048 �0.187 � 0.34 NS
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245% in the CSA group (from 0.042 � 0.042 to 0.145 �
0.096, P � 0.005) (Figure 2, Table 2). There was no
isometric vacuolization of tubules at baseline or 5
years in either group.

The increase in %GS from 6.1% � 7.5% to 30% �
17.2% (392%, P � 0.0001) in the TAC group was
similar to that in the CSA group (from 9.1% � 10.6%
to 35.6% � 19.3%; 291%, P � 0.002; Figure 3, Table 2).
The change in % segmental glomerulosclerosis be-
tween the baseline and 5-year biopsies was not statis-
tically significant in either the TAC or the CSA groups
(Tables 1 and 2).

IAH did not change in the TAC group (0.815 � 0.55
at baseline and 0.867 � 0.60 at 5 years, ns) or the CSA
group (0.827 � 0.55 and 0.639 � 0.37, P � 0.08), and
these changes were not significantly different be-
tween the two groups (Table 2). There were no sig-
nificant correlations between the changes in IAH and
in Vv(Int/cortex), Vv(AT/TT), or %GS in either
group (highest r � 0.27, smallest P � 0.40).

Changes in Vv(Int/cortex) in the TAC group corre-
lated with the changes in Vv(AT/TT) (r � 0.70, P �
0.004) and tended to correlate with the changes in
%GS (r � 0.47, P � 0.07). There were significant
inverse correlations between the GFR decrease and
the increase in Vv(Int/cortex) (r � 0.68, P � 0.005)
and in Vv(AT/TT) (r � 0.55, P � 0.035). There were
no significant correlations between the increase in
%GS and renal function.

There was no correlation between TAC dose and
blood levels and changes in renal structural and func-
tional parameters whereas, as reported elsewhere (8),
CSA dose and blood levels in the first post-PTA year
correlated with the changes in GFR from baseline to 1
year and with the changes in Vv(Int/cortex) from base-
line to 5 years.

Discussion
CNI nephrotoxicity is a potentially serious side ef-

fect that may contribute to the high incidence of
chronic kidney disease and ESRD in nonrenal organ
transplant patients and to long-term renal allograft
loss (1–3,13). Chronic CNI nephrotoxicity lesions of
interstitial fibrosis, tubular atrophy, glomerulosclero-
sis, and arteriolar hyalinosis (14–17) developed in
nearly all PTA patients after 5 years of CSA treatment,
albeit with variable severity (8). TAC has been sug-
gested to be more effective than CSA in increasing

Figure 1. | Interstitial volume fraction [Vv(Int/cortex)] at base-
line and 5 years after PTA in TAC- and CSA-treated groups.
Data for individual patients are connected by lines.

Figure 2. | Fractional volume of atrophic tubules [Vv(AT/TT)]
at baseline and 5 years after PTA in TAC- and CSA-treated
groups. Data for individual patients are connected by lines.

Figure 3. | Percentage of globally sclerosed glomeruli at base-
line and 5 years after PTA in TAC- and CSA-treated groups.
Data for individual patients are connected by lines.
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renal allograft survival and in preventing rejection in
the short term (18); unfortunately, TAC is also neph-
rotoxic. Thus, renal insufficiency has been reported in
29% of liver transplantation patients receiving TAC
versus 23% of those receiving CSA (19).

Although some have suggested that TAC is less neph-
rotoxic than CSA (4,20), these data are controversial and
often based on short-term studies and on renal function
(21). Most studies comparing TAC and CSA nephrotox-
icity are in renal allografts where chronic rejection, hy-
pertension, and recurrent disease may be confounding
factors (3). Also, in most studies, kidney biopsies were
performed for clinical indications, making comparisons
of relative toxicities difficult to interpret. In a study of
renal allograft patients randomized to CSA or TAC, 24%
of the TAC and 17% of the CSA patients had CNI
nephrotoxicity in 2-year protocol biopsies (16). Chronic
allograft nephropathy [or “interstitial fibrosis and tubu-
lar atrophy” (IFTA)] incidence and lesion scores were
also similar in the two groups (16). However, as men-
tioned, CNI chronic toxicity and IFTA from other etiol-
ogies may be indistinguishable (3,13). There are several
native kidney biopsy studies during CSA therapy (6–
8,22–24), but little information for TAC. Similar renal
biopsy findings have been reported in CSA- and TAC-
treated liver transplant patients (6). However, per-
formed for clinical indications, these biopsies cannot be
fully representative of the treated population. Finally,
most studies have been limited by the absence of a
baseline kidney biopsy; liver transplant patients, for ex-
ample, may have pre-existing renal lesions consequent
to diabetes, hypertension, hepatitis C (6), �1-antitripsin
deficiency (7), and other conditions. Thus, whether the
severity of TAC and CSA induced renal lesions is dif-
ferent was previously untested.

The present study, with protocol research kidney bi-
opsies before and 5 years after PTA is unique, allowing
for direct comparison of the development of CSA and
TAC renal lesions under nearly identical conditions.
Moreover, the systematic unbiased morphometric mea-
surements provided quantitative tools that could detect
relatively small structural differences, should they exist.
None of the follow-up biopsies showed acute CNI tox-
icity, such as isometric vacuolization of tubules or
thrombotic microangiopathy, perhaps to be expected in
these stable patients on relatively low doses of these
drugs 5 years after PTA. We previously reported that
tubular, interstitial, and GS lesions worsened in CSA
patients 5 years after PTA (8) and that the increases in
interstitial fractional volume significantly correlated
with CSA dose and blood levels during the first year
post-PTA (8). There was also a significant correlation
between the increase in interstitial fractional volume at 5
years and the decrease in GFR at 1 year post-PTA (8). In
our previous studies, diabetic patients with similar se-
verity of diabetic nephropathy lesions at baseline who
did not undergo PTA did not have progression of inter-
stitial or GS lesions 5 years later (8). This clearly dem-
onstrates that the progression in renal injury in CNI-
treated patients was not consequent to pre-existing
diabetic nephropathy per se.

Baseline clinical, renal functional, and structural
parameters in the CSA and TAC PTA groups in the
present study were very similar. The GFR decline and
the increase in interstitial fractional volume, tubular
atrophy, and %GS in the TAC and CSA groups were
similar in both absolute and relative terms. Moreover,
there was a significant correlation between the GFR
decline and the worsening in interstitial fibrosis and
tubular atrophy in the TAC group, similar to what we
previously reported in the CSA patients (8). However,
unlike CSA, these changes did not correlate with any
of the TAC doses or blood levels, probably because of
the wider range of doses among the CSA as compared
with the TAC patients or because of greater hetero-
geneity in individual susceptibility to nephrotoxicity
in the TAC patients. Importantly, only about 30% of
the variability of the increase in Vv(Int/cortex) was
explained by CSA doses and levels (8), this consistent
with heterogeneity in susceptibility to CNI nephro-
toxicity. Moreover, only a subset of nonrenal solid
organ transplant patients develops ESRD in the first
10 posttransplant years (2,4). Recent reports suggest a
genetic basis for CNI nephrotoxicity susceptibility
(5,25); an association of tubular P-glycoprotein ex-
pression gene polymorphism with susceptibility to
TAC functional nephrotoxicity has been described in
liver transplant children (25).

Arteriolar hyalinosis, common in diabetic nephropa-
thy (9,11) and CNI nephrotoxicity (1,14–17), was present
at baseline and did not change in either group. Given
this, it is not surprising that there were no significant
correlations between changes in IAH and the other
structural parameters. We reported worsening in these
arteriolar lesions over 5 years in T1DM patients
(8,11,26). In fact, the IAH method used in the present
studies was able to detect increases over 5 years in this
parameter as small as 5% (26). Possibly our failure to
demonstrate worsening of arteriolar hyalinosis in the
present and previous (8) studies may be because CNI
and normoglycemia influences on these lesions were in
offsetting directions.

Our studies were not designed to elucidate the
pathogenesis of CSA and TAC renal lesions. None-
theless, the remarkable similarity in the nature and
pace of these lesions, despite the marked differences
in CSA and TAC molecular structure and target bind-
ing proteins (27,28), suggests the involvement of pro-
cesses downstream to the CNI inhibition of the phos-
phatase activity.

We previously reported that, although GFR decline
from baseline to 12 months correlated with CSA dose,
GFR remained stable thereafter, despite a lowering of
CSA dose and blood levels (8). Importantly, there was
relatively little CNI-related changes in renal biopsies
performed 1.5 to 2.5 years after PTA (8). Thus, serious
CNI lesions can develop while after the early decline,
GFR remains stable. The failure of GFR to improve, as
CNI doses were gradually decreased over 5 years,
might reflect the progression of the underlying renal
lesions. The finding that lesions are often progressing
without further GFR loss supports the view that base-
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line and follow-up renal biopsies may be useful in the
management of long-term CNI-treated patients.

In conclusion, in PTA patients, the chronic nephro-
toxic effects of TAC and CSA are similar in terms of
both renal function and renal structure.
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