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In vitro FK506 kidney tubular cell toxicity
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Abstract. Nephrotoxicity is the most prominent side effect
of the new immunosuppressive drug FK506. Some of the
histopathological changes associated with cyclosporine
(CyA) nephrotoxicity such as tubular vacuolization and
glomerular thrombosis have also been reported with
FK506 therapy. In thisstudy we used kidney tubular cellsin
Culture toaddress the issue of FK506- and Cy A-induced tu-
bular damage. Exposure of tubular cells to high concentra-
tions of FK506 or CyA (10,50 and 100 uM) induced a time-
and dose-dependent cell injury in vitro characterized by a
direct cytotoxic effect on tubular cells as expressed by re-
lease of *H-thymidine from prelabelled cells, N-acetyl--D-
glucosaminidase (NAG) release and cell detachment.
Ultrastructural changes (vacuolization, swelling and mito-
chondrial enlargement) and inhibition of the growth
(DNA and RNA synthesis) of cultured tubular cells were
also observed at high concentrations of FK506 and CyA.
These concentrations are higher than those reached in
clinical situations, but close to the concentrations that may
be reached by FK506 or CyA in tissues. Low concentra-
tions of FK506and CyA (1,0.1and 0.01 uM)were not cyto-
toxic and induced only a minimal inhibitory effect on the
8rowth of tubular cells in vitro. At the same concentration
CyA induced more cell detachment, more NAG release
and a stronger inhibitory effect on cell growth than FK506
(P <0.01). Since an evident cytotoxic effect was observed
Only at high concentrations, we can speculate that tubular
loxicity is due to the accumulation of drugin the cellsinduc-
Ing cell disruption and death.
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FK506 is a newly development immunosuppressive drug
Which has been used successfully in kidney [9] and liver
transplantation [7). Recently, a number of side effects
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have been described. Nephrotoxicity appears to be the
major adverse effect of this valuable immunosuppressive
drug [6]. Some of the features commonly associated with
cyclosporine (CyA) nephrotoxicity, such as tubular va-
cuolization and glomerular thrombosis, have also been
observed in patients treated with FK506 [8]. The mecha-
nism by which FK506 and CyA exert their tubular toxicity
is not clear, but it has been suggested that the accumula-
tion of the drugs in the cells causes delayed regeneration,
morpological changes, and cell death [8]. In the present
study, we report an in vitro assessment of kidney tubular
cell sensitivity to FK506 compared with CyA, morpho-
logical changes induced in tubular cells treated with
FK506, and the comparative effect of both these drugs on
the growth of tubular cells in vitro.

Materials and methods

Preparation of tubular cells

The LLC-PK1 cell line was used in the present study. This porcine
kidncy tubular cell line has the characteristics of renal proximal tu-
bular cells [5]. Tubular cells were cultured in medium M199 (Nissui
Pharmaceutical Co. Ltd., Tokyo, Japan) supplemented with 10%
fetal bovine serum (FBS) (Hyclone Laboratories Inc., Utah. USA).
Cell subcultures were obtained by incubating a washed confluent tu-
bular cell culture with a solution 0f 0.25 % trypsin and 0.02% EDTA
(Gibco) for S min at 37°C.

Drug preparations

FKS506 (Fujisawa, Osaka, Japan) was dissolved in absolute meth-
anol. CyA (Sandoz, Basel, Switzerland) was dissolved in absolute
ethanol before being added to the media.

Morphometric examination and electron microscopy

Tubular cells were scraped off the culture dish with a rubber spatula
and centrifuged at 300 x g for 20 min. The cell pellets were fixed by
immersion for4 hat4°Cin2.5% glutaraldchyde in 0.1 M cacodylate
buffer (pH 7.4). After washing three times in cacodylate buffer, the
samples were postfixed for 90 minin 1% osmium at4°C, dehydrated
through ascending grades of alcohol, and embedded in Epon.



Fig.1A-C. FK506-induced cell detachment
under light microscopy.

A cultured tubular cells were cultured with
medium containing appropriate concentration
of vehicle (methanol).

B Tubular cells were cultured with 50 uM
FK506 for 5 h. Cell detachment is clearly
visible.

C Tubular cells were cultured with 10 pM
FK506 for 24 h, Many cells show vacuoles of
different sizes



Semithin (0.5 um) sections were stained with 1% toluidine blue.
ltrathin (70-80 nm) sections were examined with uranyl acetate
and lead citrate staining in 2 Hitachi H-7000 electron microscope.

Cell detachment assa y

This was determined by direct counting of adherent cells as de-
Scribed previously [10]. Briefly, tubular cells (10° cells/em?) were
Plated in 35-mm diameter plastic multiwells in complete medium
and were allowed to adhere until confluence was reached. Then the
cells were incubated with different concentrations of FK506 or CyA
for 4, 10 and 24 h. The vehicle alone served as control. Cell counts
Were determined by haemocytometer after harvesting the adherent
cells with trypsin-EDTA. The data are expressed as percentage of
detachment: (number of cells cultured in the presence of appropri-
ate vehicle — number of cells cultured in the presence of test drugs)
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Fig.2 A, B. Ultrastructural changes in tu-
bular cells (LLC-PK1 cell line) exposed
to FK506.

A cells incubated with the culture me-
dium containing appropriate concentra-
tion of the vehicle.

B cells incubated with 10 pM FK506 for
24 h. Swelling and vacuolization are
clearly visible

x 100/number of cells cultured in the presence of appropriate
vehicle).

Drug cytotoxicity assay

This was performed as described previously [4]. Confluent mono-
layers of tubular cells grown in 24-well plates (Falcon, Oxnard,
Calif., USA) were incubated with *H-thymidine (0.5 pCi/ml of *H-
thymidine) (New England Nuclear, Boston, Mass., USA) in com-
plete medium for 48 h. At the end of the incubation period, radioac-
tive medium was discarded and radiolabelled cells were washed five
times with medium. The cells were then incubated for 72 h with dif-
ferent concentrations of FK506 or CyA. *H-Thymidine-labelled tu-
bular cells incubated with medium alone served as controls. Maxi-
mal release was assayed by lysing labelled cells with 0.5 N NaOH.
After 72h of incubation, radioactivity of the supernatants was
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Fig.3A,B. FKS06 and CyA induced cytotoxicity. Confluent tubular
cells were labelled with *H-thymidine, thereafter cells were incu-
bated for 72 h with different concentrations of FK506 or CyA. After
the end of the period of incubation, radioactivity of the supernatants

measured using a liquid scintillation counter (Packard Instruments,
Osaka, Japan). The percentage of specific relcase was calculated as
(E-S) x 100/(M -S), where E is drug-induced release, S is sponta-
neous release and M is maximal release.

N-Acetyl-B-D-glucosaminidase (NAG) determination

The supernatants from monolayer tubular cells treated with differ-
ent concentrations of FK506, CyA or appropriate vehicle for 10, 24
and 48 h were assayed for NAG using the m-cresolsuphonphthaei-
nyl-N-fglucosaminidase method (Shionogi NAG assay kit, Shiono-
gi. Osaka, Japan).

DNA and RNA synthesis

Solution (200 pl) containing cells at a concentration of 10° cells/ml
were grown on a 96-well tissue culture plate (Falcon, Oxnard, Calif.,
USA) for 24 h in the presence of various concentrations of FK506,
CyA or vehicle. The cells were then pulsed with 1 pCi of *H-thy-
midine or *H-uridine (specific activity 25 pCi/mmol and 27 Ci/mmol,
respectively) (New England Nuclear, Boston, Mass., USA) for 16 h.
Prior to harvesting, the cells were detached using a solution contain-
ing 0.05% trypsin in 0.5 mmo! EDTA (Gibco) in PBS and harvested
onto filter paper with a plate microharvester (LKB, Wallace Cell
Harvester, Pharmacia). The filters were dricd and the cells redis-
solved in 8 ml of scintillation liquid (LKB Scintillation Products,
UK) and counted using a betaplate counter (LKB Wallace, Pharma-
cia, Finland). Results are the mean of three experiments. The data
arc expressed as percentage of inhibition = [1-(cpm B/cpm
A)] x 100, where cpm A represents the cpm of cclls cultured in the
presence of appropriate vehicle, and cpm B respresents the cpm of
cells cultured in the presence of test drugs.

Results
Cell detachment and ultrastructural changes
Cell detachment was found to be an early marker of

FK506- and CyA-mediated tubular toxicity. As early as
5 h after exposure to the highest concentrations of FK506
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was measured. Spontaneous release was obtained from the vehicle
alone. The maximal release was assayed by lysing cells with 0.5 N
NaOH

or CyA (100, 50 and 10 uM), tubular cell detachment was
clearly visible under the phase contrast microscope
(Fig.1B). Table 1 shows the data obtained after 5, 10 and
24 hof incubation of tubular cells with three different con-
centrations of FK506 or CyA. FK506 or CyA at a concen-
tration of 1 pM did not induce cell detachment inde-
pendently of the incubation time, but with FK506 or CyA
at 10 pM and 50 uM the percentage of cells detached was
higher and was increased by prolonging the incubation
time. At the same concentration CyA seemed to induce
more cell detachment than FK506 (P < 0.01).

The most prominent change observed by light micro-
scopy after 24 h treatment with FK506 in non-detached
cells was vacuolization. The vacuoles were of different
sizes (Fig. 1 C). Profound morphological changes were de-
tectable under the electron microscope after 24 h of tubu-
lar cell exposure to FK506 (Fig.2). These changes in-
cluded obvious signs of injury with changes in cell shape,
membrane cellular irregularity, enlargement of the
smooth endoplasmic reticulum, vacuolization and lamel-
lar bodies. Mitochondrial enlargement was observed only
at concentrations of 50 and 100 pM of FK506 or CyA
(data not shown).

FK506- and cyclosporine-induced cytotoxicity and NAG
release

Release of *H-thymidine by prelabelled cells after expo-
sure to FK506 or CyA was used as a marker of cell disrup-
tion. FK506 and CyA induced a dose-dependent release
of *H-thymidine from tubular cells (Fig.3). After 72 h,
cells that were prelabelled with *H-thymidine and incu-
bated with FK506 doscs higher than 0.1 pM released more
thymidine than the control monolayer. The specific re-
lease induced by 1 pM was 10 %, and 10 pM-induced spe-
cific release was around 30%. FK506 doses less than



DNA SYNTHESIS INHIBITION BY FK506 AND
CYA IN CULTURED TUBULAR CELLS
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Fig.4. DNA synthesis inhibition by FK506 and CyA in cultured tu-
bular cells. Cells were incubated with FK506, CyA or vehicle for
24 h. At the end of incubation, the cells were pulsed with 1 pC of *H-
thymidine for 16 h

0.1 uM (0.01 and 0.001 pM) were not cytotoxic. CyA at
1 uM showed a specific release of 1-5%, and 10 uM-in-
duced specific release was about 20 %. Doses of CyA less
than 0.1 pM) were not cytotoxic. The FK506-and CyA-in-
duced cytotoxicity were not significantly different.

We used NAG release as a specific marker of tubular
cell injury. NAG release from tubular cells incubated with
FK506at 10 uM and 1 uM,and CyA at 1 pM for 10,24 and
48 h was not different from the control (Table 2). In con-
trast high concentrations of FK506 and CyA (50 uM) in-
duced a significant release of NAG from treated tubular
cells at 10, 24 and 48 h (P < 0.01), whereas CyA at 10 uyM
significantly increased NAG release only after 48h
(Table 2). At the same concentration CyA seemed to in-
duce more NAG release than FK506 (P <0.01).

Effect of FK506 and cyclosporine on tubular cell growth

The uptake of *H-thymidine and *H-uridine by cultured
tubular cells is a marker of cell growth in vitro. A signifi-
Cant dose-related inhibition of DNA synthesis was ob-
served at FK506 or CyA concentrations higher than 1 pM.
FK506 and CyA concentrations below 1 uM had only a
minimal inhibitory effect (less than 25 %) (Fig.4).

FK506 and CyA produced a dose-dependent inhibition
of RNA synthesis in tubular cells at concentrations higher
than 1 uM. Below this concentration the inhibition was
modest (less than 20 %) (Fig.5). At the same concentra-
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tion CyA had significantly more inhibitory effect on DNA
and RNA synthesis than FK506 (P < 0.01).

Discussion

Our results show that FK506 and CyA at high doses exert
a direct cytotoxic effect on tubular cells, induce ultrastruc-
tural changes and strongly inhibit cell growth in vitro.
These doses are higher than those reached in plasma in
clinical transplantation, but close to the tissue concentra-
tions reached by CyA in the kidney [1]. There is no report
available concerning the concentration of FK506 in the
tissue but it is not unexpected that FK506, in view of its
lipophilic nature, may reach concentrations higher than
those in blood and plasma.

An early expression of FK506 and CyA cytotoxic effect
seems to be cell detachment. In the first S h of exposure of
cultured cells to high doses of FK506 or CyA, a high per-
centage of detached cells was observed. During the same
incubation period, at high concentrations of FK506 or
CyA, NAG release was very low (data not shown), indi-
cating that the loss of adhesion properties of the cells was
not simply a consequence of cell death. These results are
consistent with those of Zoja et al. [11] who found that
CyA mediated endothelial cell injury by inducing initially
cell detachment and subsequently cell lysis. The electron
microscope demonstrated non-specific cytoplasmic va-
cuolations with FK506 treatment. These ultrastructural

Table 1. Effect of FK506 and CyA on tubular cell detachment. After
reaching confluency the cells were exposed to various concentra-
tions of FK506 and CyA for 4, 10, and 24 h. The remaining cells were
then detached with trypsin and counted using a haemocytometer

cell detachment (%)
Incubation time (hours)

5 10 24
FK506 50 pM 25 475 70
FK506 10 pM 1.2 0.8 20
FK506 1 uM 0.5 0.6 1.0
CyA 50 uM 57.5% 65+ 80
CyA 10 uM 0.1 7.5 27.4
CyA 1 uM 0.2 0.0 0.4

* P<0.01 CyA vs. FK506 at the same concentration

Table 2. Kinctics of NAG release from tubular cells treated with
FK 506 or CyA. Supernatants harvested from cultured tubular cells
treated with different concentrations of FK506 or CyA for 10,24 and
48 h were assayed for NAG

NAG release

Incubation time (h)

10 24 48
Control 1.704 £0.10 241+0.02 4.640+0.19
CyA SOuM 5.59 £0.34* 6.879+0.27* 9.39+0.81*
CyA 10 uM 1.6 £0.038 2.403+0.15 5.45 £ 0.09*
CyAluM 1.4 £0.002 2.308 £0.01 4.28 +0.01
FK506 50 pM 431+£036% 4.7826+0.03 6.0591£0.4*
FK506 10 pM 1.68 +£0.09 2.410.13 427102
FK506 1 uM 1.82 £0.02 2.59+£0.12 4.69+03

* P< (.01 vs. control
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Fig.5. RNA synthesis inhibition by FK506 and CyA in cultured
tubular cells. Cells were incubated with FK506, CyA or vehicle for
24 h. At the end of incubation, the cells were pulsed with 1 pC of
H-uridine for 16 h
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changes corresponded to the cytoplasmic vacuolations
visible on light microscopy. The cytoplasmic vacuoliza-
tion, mitochondrial enlargement and cell swelling induced
by FK506 in tubular cells in vitro were similar to the ef-
fects reported for CyA treatment [8].

We have assessed the cytolytic effect of FK506 com-
pared with CyA as expressed by *H-thymidine release
from prelabelled cells and NAG release. It appeared that
low concentrations of FK506 and CyA (1, 0.1 and
0.01 uM) were without cytotoxic effect. In contrast, high
concentrations of FK506 and CyA (100, 50 and 10 uM)
were cytotoxic. Zoja etal. [11] also reported that high con-
centrations of CyA (10 and 50 pM) induced a significant
release of *'Cr and lactate dehydrogenase from cultured
endothelial cells. The effect of 10 uM and 50 pM seems to
be specific to tubular cells since we have observed that cell
detachment and cell death in confluent culture of human
mesangial cells can be seen only when the concentration
of FK506 and CyA is increased to 100 uM (unpublished
data).

Our data agree with those of Cole et al. [2], who ob-
served asignificant inhibition of DNA and RNA synthesis
in both tubular cells and mesangial cells with CyA concen-
trations higher than 1 pM. The means by which FK506 or
CyA exert tubular toxicity remain uncertain. Since signifi-
cant cytolysis, morphological changes, and delayed
growth were observed in vitro only at high concentrations

of FK506, we can speculate as suggested by Mihatsch and
Ryffel [8] in CyA toxicity, that at pharmacological doses
(below 1 pM) FK506 binds to its binding protein FKBP
and inhibits specifically induced gene transcription in lym-
phoid cells. At these concentrations there is no general in-
hibition of tubular cell proliferation or protein synthesis.
At higher concentrations, the FKBP might be saturated
and FK506 may be bound to non-saturable membrane
proteins, thus accumulating in the membrane and disrupt-
ing membrane function. This accumulation of FK506 may
occur not only in the surface membrane but also in the en-
doplasmic reticulum, mitochondria and Golgi apparatus.
Concomitantly, tubular cell proliferation and protein syn-
thesis are inhibited and cellular changes are apparent.

Further studies are required to determine the subcellu-
lar basis of FK506 nephrotoxicity and to understand why
the kidney is the main target of toxicity. We conclude that,
at high concentrations, FK506 and CyA induce cytolysis
and morphological changes, and inhibit cell growth. At
established therapeutic levels, FK506 and CyA are not
cytotoxic in vitro.
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