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Short- or long-term effects of a low-protein diet on 
fibronectin and transforming growth foetor-� 
synthesis in Adriomycin-induced nephropathy 

MASARU NAKAYAMA, SElVA OKUDA, KIYOSHI TAMAKI, and MASATOSHI FUJISHIMA 

FUKUOKA, JAPAN 

Increased synthesis and gene expression of fibronectin or transforming growth 

factor-� (TGF-�) have been reported to be involved in the progressive process of 
doxorubicin hydrochloride (Adriamycin)-induced nephropathy. In the present 

study, the effects of dietary protein restriction on the synthesis and gene expression 

of fibronectin or TGF-� were investigated by immunoprecipitation, Northern blotting, 

and TGF-� bioassay in this model after subjects were given either short- or long-term 

low-protein diets. In the long-term diet experiment, either a normal protein diet 

(NPD, 20%) or low-protein diet (LPD, 5%) was fed to the Adriamycin rats for 8 weeks 

after the injection of Adriamycin. An 8-week LPD significantly ameliorated kidney 
destruction and remarkably reduced the fibronectin synthesis. Furthermore, the 

significant decreases of the latent TGF-� secretion and the expression of TGF-� 1 

mRNA were observed in the Adriamycin rats fed an 8-week LPD. In the short-term 

diet experiment, an NPD or LPD was fed to the Adriamycin rats for 2 weeks at weeks 

4, 8, or 16 after the injection of Adriamycin. A 2-week LPD did not ameliorate kidney 

damage. Although fibronectin synthesis by the renal cortex in the Adriamycin rats 

was remarkably reduced by a 2-week LPD, there was no significant decrease in the 

latent TGF-� secretion in the Adriamycin rats. The mRNA expressions of fibronectin 

or TGF-� 1 were not affected by a 2-week LPD in the Adriamycin rats at any stage. 

In conclusion, decreased fibronectin and TGF-� synthesis may be one of the mech­

anisms by which the long-term dietary protein restriction ameliorates kidney dam­
age. On the other hand, a 2-week LPD affected the only fibronectin synthesis, which 
thus suggested that an LPD might exert a quicker influence on the protein synthesis 
of fibronectin than on the transcriptional events of fibronectin. (J lAs CuN MEo 

1996; 127:29-39) 

Abbreviations: DMEM = Dulbecco's modified Eagle medium; ECM =extracellular matrix: FGS 

= focal glomerular sclerosis: IGF = insulin-like growth factor: LPD = low protein diet: NPD = 

normal protein diet; SDS = sodium dodecylsulfate: SSC = standard sodium citrate solution: 

TGF-13 = transforming growth factor-13 

From the Second Department of Internal Medicine, Faculty of 

Medicine, Kyushu University. D 
oxorubicin hydrochloride (Adriamycin)-in­

duccd nephropathy is a model of chronic 

progressive FGS and interstitial fibrosis in 
rats. 1 Although the mechanism by which Adriamy­
cin-induced nephropathy progresses to irreversible 
kidney destruction is not known, the ECM accumu­
lation in the glomeruli or interstitium is a major 
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histologic feature that leads to progressive kidney 

failure. The E M accumulation may be regulated by 

growth factors. TG -f3 in particular has been s�own 

to have a widespread cll"cct on E M synthesis by 

cultured glomerular cells or on mesangial matrix 

accumulation in experimental glomerulonephritis.:! . .\ 

In our previous . tudy, the cortical synthesis or 

mRNA expression of fihronectin, one of the major 

� M proteins, incn.:ast;d progressively in a pattern 

similar to tlu.: histologic changes in the kidney 

caused by J\driamycin-induced nephropathy, aml 

TG F-f31 seemed to play an important role in the 

process of kidney librosis and sclerosis by stimulat-

ing fibronectin synthesis.4 
. . 

The ame\iorativt; elkct of dietary protem rcstnc­

tion on progressive kidney deterioration has been 

r ported in the state of reduced kidney mass in 

experimentally-induced kidney discases5·(' or _in hu­

mans.7.i� It has been proposed that the e!lect of 

11rotein restriction is mainly mediated through the 
. . •l.tno· . 

pre ention of glomerular hypcrftltratton. I C t.try 

protein rcstricti >n abo ini1ucnces immune mecha­

nisms and the 1 roduction of vasoa tive substanc­

es 11-111 whi h may contribute to kidney injury. How­

ever, r ·cent intt;rest has focused on the influence of 

llietary protein on growth factors in the evolution of 

kidney liist;asc. EI-Nahas et al.17 reportcli that the 

abrogation of ompensatory kilincy growth by an 

LPD is accompanieli by a reduction in kidney IGF-1 

level . In our pr vious study the ameliorative �lfccts 

of an LP also corrclateli with the suppresst n of 

matrix protein s nthesis and T �-f3 cxpres:ion in 

experimental glomcruloncphritis.1H l Iowe:cr, it is 

still unkno n wh ther the liecreasc ol TG F-f3 

mRNA e ·pression and M proliuction is th
.
e di­

rect en·cct of an PO or is perhaps some epiphe­

nomenon of improvcli kiliney liamagc. To clarify the 

ameliorative effect of dietary protein restriction on 

experimental kiline di. case, e invcstigateli the ef­

fects of short-term (2 weeks) or long-term (8 \ ecks) 

LPDs on the synthesis anli gene expression of fi­

bronectin or T F-� in ALlriamycin-inliuccli ne-

phropathy. 

METHODS 

Experimental design. Male Spragul:-Dawlcy rats th<.�t 

weighed 220 to �50 gm \ cr · used in this stu
_
d 

.
. -�pen-_ 

mental FGS wa · induced by the intra enous InJeCtion o[ 

Adriamycin, 0.25 mg}IOO gm body weight, ui::-.solvcd in 

0.9% saline solut1on am.l administered twice at 20-uay 

interval in Spraguc-Da Icy rat:.1 All of the rats were f�d 

ad libitum with standard chm that contained 20o/C protem 

and 0.3% Na I until an NPD (20%) or an LPD (5%) was 

tarted. In the long-term diet experiment ( \ eeks), an 
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LPD or NPD was fed to rats for 8 weeks after the second 

injection of Adriamycin. In the short-term diet experiment 

(2 weeks), an LPD or PO was fed to the Adriamyci�1 rats 

at 4 weeks (Adriamycin-4w group), H weeks ( dnamy­

cin-8w group) or 16 weeks (Adriamycin-16w group) after 

the second injection of Adriamycin whereas the same 

diets were given to the control rats at week 10 for 2 weeks 

(sec figure kgend!-. for the number of rats used i
.
n �ach 

experiment). The diets were arranged as tsocalonc loou 

anu contaim::u identical quantities of calcium ( 1.4% ), 

phosphorus ( 1.2%), smlium chloriue, potassium,vitamins, 

ekctrolytes, anu other minl:rals. Plasma protem, s�r�t m 

cholesterol, bloou urea nitmgen, and serum creattntne 

IL:vcls were examim:d after a 2-week LPD anu NPD feed­

ing in the ·Jwrt-tcrm diet experiment or a_fter an H_-week 

LPD and NPD feeding in the long-term dtet expenment. 

Urinary protein levels from 24-hour urine samples were 

measured with usc of the sulfosalicylic acid method before 

LPD or NPD feeding and at th�..: end or the cxperim�..:nt. 

The rats were kilku at the enu of the experiment. The 

kidneys were perfused in situ via the aorta with phos­

phate-bull'cred saline solution, p11 7.4, and wcr�..: then 

�..:xcised. The kidney capsules were rcml1vcd and the Cl1rtc:o. 

trimmed otr with scissors for a cortical culture. A part or 

cortex from either the control rats or the Adriamycin rats 

was fixed in 7% neutral formalin or saved in liquid nitro­

gen for cortical RNA extraction. 

Histologic examination. Kidney specimens were fixed in 

neutral buffered formalin and embedded in paraflin for 

the micro copic study, and sections 2 f.J-111 thick were 

stained with periodic acid-Schi lf. A semiquantitative score 

was used to evaluate the degree of glomerular sclerosis 

according to the method described by Raij et al. J<J The 

severity of the lesion was examined in 50 glomeruli that 

were selected at random, graded from 0 to 4 points ac­

cording to the percentage of morphologic changes on each 

glomerulus, and assigned a score as fol lows: 0, 0%; I+, 

1 r1o to 25%; 2+, 26% t 50%; 3+, 51% to 75%; and 4 + , 

76% to I 00%. The number of glomeruli that showed a 

lesion of 0 wa · set as n0, 1 + n J> 2 + n2, 3 + n3, and 4 + 

n4, respectivcly. Fifty glomeruli were examined indepen­

dently, and the sclerosis index was then obtained with usc 

or the following formula: [(0 X flu + I X n I + 2 X n� + 

3 x 111 + 4 x 11.1)/50J x 100. To estimate the relative 

interst itial volume of the kiuney, tissue sections were ex­

amined with a 121-point (100 square) eyepiece microme­

ter.:!11 Representative sections from the entire cortex were 

thcn analyzed by means of a point-counting technique to 

obtain the relative interstitial volume. A minimum of five 

sections (605) were selected at random and counted in all 

cases. Any statistical dill'crcnces between the LPD and 

PO groups were calculated with usc of the unpaired 

/-test. 
Cortical culture and electrophoretic technique. For the 

preparation of cortical conditioned m�di�, pieces o
.
f the 

cortical tissue were weighed in a petn d1sh and mmced 

ith a sharp blade into small piece lc. s than 1 mm in 

diameter, rinsed, and ·uspended in methionine-free 

J Lob Clin Med 
Volume 127. Number l 

Roswell Park Memorial Institute medium (GIBCO, 

Grand Island, N.Y.) at a concentration of 20 mg/ml in 
six-well multiple plates. Arter 6 hours of incubation, the 
cortical cultures were biosynthetically labeled by the ad­
dition of 200 f.J-Ci/ml of ·'55-methionine (American Radio­
labeled Chemicals, St. Louis, Mo.) for 24 hours. The 
culture media were harvested and centrifuged for 5 min­
utes. The pellet was discarded and the supernatant was 
collected, aliquotcd, and stored frozen at -200 C. The 
samples for sodium dodccylsulfatc-poly"crylamide gel 
electrophoresis were mixed with a sample hufTer contain­
ing 3% SDS, 1 mmoi/L phcnylmcthylsulfonyl fluoride, ancl 
10% [3-mercaptoethanol and he;tted for 5 minute. at 
1000 C.�1 Aliquots (15 JLI) were cqu:tlly applied to 4 to 20 
gr:t dient gels (D:tiichi Medical Co. Ltd., Tokyo, Japan). 
The molecular size markers were from R&D Systems 
(Minneapolis, Minn.). Fluorography was performed by 
incubating the gels in Enlightening (New England Nuclear 
Nuclides & Sources, Boston, Mass.). lmmunoprccipita­
tion of fibroncctin was performed by adding I 00 fl.l of 
polyclonal rabbit anti-rat fibronectin antibody (Chemicon 
fntcrnational, Temecula, Calif.) to 500 f.J..I of conditioned 
medium as previously described.2 

TGF-13 bioassay. As previously described, pieces of the 
cortical tissue were suspended in serum-free Roswell Park 
Memorial Institute 1640 medium (GIBCO) at a concen­
tration of 50 mg/ml. After 24 hours of incubation, these 
conuitioncd media were harvested ancl centrifuged for 5 
minutes at 4° C. The pellet was discarded and the super­
natant was collected, aliquoted, and stored frozen at 
-20° . 

Mink lttng epitheli;tl cclls wcre maintained in DMEM 
(CJIBCO) with yy,, fct;tl calf serum. Suhconlluent cclls 
were used in the TGF-[3 growth inhibition as. ;1y as de­
scribed by Daniclpour et al.::!- with a few modifi cations. 
The cclls were trypsinized. washed with DMEM, and 
suspenuccl in DMEM supplcmenteu with 2% fetal calf 
serum, I 0 mmoi/L N-2-hydroxycthylpiperazine-N-2-eth­
ancsulfonic acid, pH 7.4, penicillin (25 U/ml), and strep­
tomycin (25 J..Lg/ml). The cells were seeded at 2 x 104 cells 
per 200 fl.l in each well of 96-wcll dishes. After 1 hour, the 
conditioned media were added in dilutions of I: I 0. After 
22 hours of incubation, the cells were pulsed with 1.0 fl.Ci 
triti;ttcd thymidine per well for� hours at 37° C. The cells 
were then washed twice with 200 fl. I of phosphatc-hu fl'ered 
saline solution and trypsinized and harvested with usc of a 
microculture harvesting uevice and counted in a liquid 
scintillation counter to measure tritiated thymidine incor­
poration. To neutralize TGF-(3 acti\ity, a rabbit anti­
TGF-[3 antibody (Gcnzyme, Cambridge, Mass.) wa:-. 
added at a concentration of 10 JLg/ml. To measurc tot;tl 
TGP-[3 activity, I I ICI was added to thc conditioned 
media until the pH decreased to 2.0 to 2.5. After 30 
minutes at room temperature, the transiently acidified 
media were brought to pH 7.4 with I NaO J I. ·ach 
sample was assayed in the presence and absence of anti­
TGF-[3 antibody. The TGF-[3 activity index was obtained 
by dividing the difference in tritiated thymidine incorpo· 
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ration between two nJnditions (with and without anti­
body) hy the amount of thymidine incorporation for the 
same sample in the pres 'nee of antibody and then multi­
plied hy 100. 

RNA extraction and Northern blot analysis. Cortical tis­
sue samples were isolated and purified as pre iously de­
scribed. Total R A was isolatl:d from Cl:lls with usc of 
guanidine isothiocyanate, according to the method de­
scribed by Chirgwin ct rd.-.1 Ten microgram or poly (A) I 
R A from cortex were subjected to electrophoresis in a 
2.2 mol/L formaldehyde-!% agarose gel, transferred to 
l lyhond- 1 nylon membranes (Amer. ham Cnrp., Arling­
ton !!eights, Ill.) and then fixed by baking at X()o C for _ 
hours. The cD A probes used were for rat TGF-[31 (pro­
vidcd hy Dr. T. Nakamura, Kyushu University, Pukuoka, 
Japan);�'"' rat fibronectin (provided by Dr. R. 0. !Iynes, 
Massachusetts Institute of Tcchnolng , Cambridge, 
Mass.),25 human TGP-[3 type II receptor (provided by 
Dr. R. A Wcinher�, Massachusetts Institute of Tcchnol­
ogy),-tt and chicken glyccraldehyde-3-phosphate dehydro­
genase, which was used as an internal control probe. The 
membranes were prchybridizecl for at least 2 hours at 
37° C in hybridization solution (5 X SS , 5 X Denhardt's 
solution, 0.1 mg/ml of salmon sperm DNA, 0.1% SO , 
and 50% formamide). The eDNA probes were labeled 
with ·'2P-deoxycytidinc triphosphate (American Radiola­
bclcd Chemicals, Inc.) with usc of thc random primer 
method nnd hybridized in thc hybridization solut ion at 
42° C overnight. The membranes were washed twice in 
2 X SSC, 0.1% SO. , and twice in I X SSC, 0.1% SDS at 
42° C for 15 minutes. Autoradiography was performed by 
the standard methods. The relative intcn"ity of the hand-; 
on ;llltor;�diograms w;�s quantified hy the sc;�nning Shi­
madzu CS-<J()()(J densitometer (Shimmlzu Corp., Kyoto, 
Japan). 

RESULTS 

Clinical findings and kidney weight. In a previous 
report, rats given Adriamycin developed mas ive 
proteinuria after the second Adriamycin injection, 
which then led to end-stage kidney failure. In th 
l ong-term diet experiment (Table I), body weight, 
daily proteinuria , kidney weight, total protein, total 
cholesterol, blood urea nit rogen, and serum creati­
nine levels were reduced by an H-week I PO, which 
was started at week 0 after the induction of ne­

phropathy with Adriamycin. Table I I shows the 
short-term eiTect of an LPD on daily proteinuria, 
kidney weight, and the degree of the blood sample. 
Body weight, daily pro t t;inu ria, and serum total pro­
tein levels all significant ly decreased in the J\dria­
mycin rats fed a 2-week LPD compared with those 
fell a 2-week NPD, which was startcli at weeks 4, H, 
or I fi after the second Adriamycin injec tion. The 
kidney we ight and total cholesterol level increased 
in the Adriamycin rat\ al every stage compared with 
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Table I. Clinical findings of the Adriamycin-induced rats (long-term effect) 
- -----

Proteinuria 

BW (gm) (mg/day) 
KW/BW TP TC BUN Creatinine 

Before After After (%) (gm/dl) (mg/dl) (mg/dl) (mg/dl) 

Adnamyctn 0-8 wk NPD 278 :t 7 323 ::!::: 14 118::!::: 30 1.78::!:::0.3 5.7::!::: 0.1 807::!::: 49 34.8::!::: 4.2 1.1::!::: 0.1 
LPD 285 ::!::: 9 200::!::: 10' 38::!::: 20t 0.81 :t O.Ot 4.1 ::!::: 0.1' 416::!::: 56t 17.2::!::: 2.6:j: 0.7::!::: 0.1§ 

-- --- -----
BW, Body wergl1t. BUN, lJiood Ulea nitrogen; KW, krcJn 'Y werght; TC, total cliolesterol level; TP, total protein level. 

Tl1c number of rat rn L1otl1 groups is four. 

Each value is expr ssed a t11o mean .: SEM. 
'p "' 0.001 compared wrth t11e NPD group. 

1 p 0.005 compared wrt11 the NPD group. 

+P <.... O.OS compared with the NPD group. 

§p <" 0.01 compared wrtllthe NPD group. 

Table II. Clinical findings of the Adriamycin-induced rots (short-term effect) 
-- -----

BW(gm) Proteinuria (mg/day) 
KW/BW TP TC BUN Creatinine 

Before After Before After (%) (gm/dl) (mg/dl) (mg/dl) (mg/dl) 

Control NPD 361 ::!::: 12 383 1. 11 13..!... 1 12 ::!::: 5 0.68:.!:: 0.0 6.1 ..!... 0.1 78.7::!::: 1.8 15.4 ::!::: 1.1 0.4..!:: 0.0 
LPD 364::!::: 12 346 :: 8' 23::!::: 2 5 ::!::: 1 0.61 ..!... 0.0 5.7::!::: 0.2' 77.4 ..!... 3.9 8.2::!::: 1.sr 0.5 ::!::: 0.1 

ADR-4 wk NPD 353 _._. 11 358..!... 11 189 ::!::: 28 168::!::: 24 1.06..!... 0.1 5.7::!::: 0.1 310::!::: 84 18.0::!::: 2.3 0.8 ::!::: 0.1 
LPD 359..!... 10 2 2-'- 9+ 185 _!_- 22 53..!... 8:j: 0.92 ::!::: 0.1 4.9..!... 0.1:j: 207::!::: 39 15.6::!::: 2.5 0.9 ::!::: 0.1 

ADR-8 wk NPD 388 1. 11 405:!.. 13 392..!... 37 296..!... 39 1.02 ::!::: 0.1 6.2::!::: 0.3 415::!::: 90 19.8::!::: 3.6 0.7::!::: 0.1 
LPD 391 ..!... 8 320::!::: 8+ 406..!... 52 88:.!:: 15:j: 0.87::!::: 0.1 5.4::!::: 0.2§ 298::!::: 65 13.6::!::: 2.1 0.8::!::: 0.1 

ADR-16wk NPD 461 I 13 426::!::: 15 489 ::!::: 50 241 ::!::: 50 1.20 ::!::: 0.1 6.2::!::: 0.1 355::!::: 30 31.3 ± 3.1 1.2::!::: 0.2 
LPD 466..!... 9 367 1. 9:j: 402.!... 40 93::!::: 1411 0.90::!::: 0.1 5.1 ::!::: 0.1:j: 238::!::: 2211 17.7::!::: 6.3 1.3::!::: 0.4 

- ---
ADR, Adnamycrn; BUN, blood urea nitrogen; BW, body werght; KW, kidney weigl1t; TC, total cholesterol level; TP, total protein level. 

Th number of rats rn each group is as follows: four for the control rats and 10 for all ADA rats. 

ch value rs express d as t11 mean ..: SEM. 
·p "' 0.05 cornpmod wrth the NPD group of control rats. 

IP · 0 005 compar d wrth tile NPD group of control rats. 

lP < 0.00 t compared wrth th NPD groups of ADA 4-week, 8-week, and 16-week rats. 

§p <.. 0.05 ompar d wrtllthe NPD group of ADA 8-weok rats. 

llo 0.01 compared wrth th NPD group of ADA 16-week rats. 

the normal control rats, whereas there were no dif­
fercn es between the dria mycin rats fed a 2-weck 
LPD and N PO e cept for total cholesterol levels at 
v e<.;k I 6. Blood urea nitrogen and serum reatinine 
wcr<.; both signif1cant ly high in the Adriamycin rats 
at week I() compared with the normal control rats, 
but no signilicant dill'crences in blood urea nitrogen 
or serum creatinim: levels were observed in the 
;\driamycin rats l'cd a 2-\ eek LPD and PO at any 
stage. 

Histologic findings. he Adri< 1mycin rats demon-
strated progressive focal glomerulosclerosis and tu­

bu lointcrsti tial damage with fla ttencd epithelia ! 
cell round cell inf iltration , and fibrosis. signifi­

cant de rease in the degree of interstitial volume 

was found in the Adriamycin rats fed an S-week 
LPD compared with those f'd an H-week PO 
(NPD, 30.1% 2:: 1.2%; LPD U:LlJ% 2:: 2.7o/r, p < 
0.01) but no significant difference \ as found in the 

degree of glomerular matrix score ( PO, 120.0 2:: 

o.5; LPO, 108.7 2:: 8.7) (Fig. 1). In contrast, Fig. 2 
shows a progressive increase in the degree of glo­
merular sclerosis and interstitial fibrosis in the Ad­
riamycin rats fed a 2-week LPD or N PO, which was 
started at weeks 4, H, or 16 after the second Adria­
mycin injection. Although the 2-week LPO slightly 
decreased the glomerular matrix score and the in­
terstitial volume at each stage, there was no signi f­
icant dill'crence in the degree of kidney lesions be­
tween the Adriamycin rats feel a 2-week LPD and 

PD. 
Cortical fibronectin biosynthesis. The Adriamycin 

rats were killed after an 8-week LPD and PO 
feeding in the long-term diet experiment or after a 
2-week LPO and N PO feeding in the short-term diet 

ex periment. The cortex was placed in culture and 
biosynthetically labeled to identify any newly synthe­
sized fib ronectin , which is the most prominent gly-

oprotein found in the ECM. In the cortical culture 
from the Adriamycin rats fed an 8-week LPD, the 
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f"ig. I. The t.legree of glomerular sclerosis (A) ant.! interstitial 

changes (B) in 8-week NPD (N) ant.! LPD (L) groups in which the 

diets were started immediately after the second Adriamycin in­

jection. The values arc t he semiquantita tive scores from four rats 

and expressed as the mean::!::: SEM. *p < 0.01  compared with the 

I'D group. 

biosynthesis of f 1bronectin showed a significant de­
crease compared with that in the Adriamycin rats 
fed an 8-week NPD (Fig. 3, A). On the other hand, 

in the Adriamycin rats fed a 2-wcek NPD, the bio­
synthesis of fihronectin showed a progressive in­
crease, which reached a peak at week 16. In con­
trast, remarkable decreases of lihronectin synthesis 
were also observed in the Adriamycin rats fed a 
2-week LPD at each stage (Fig. 3, B). 

TGF-� bioassay.The conditioned media from the 
cortical cultures were assayed for their ability to 
inhibit the proliferation of mink lung epithelial cells 
in the short- and long-term diet experiments to elu­
cid:lle the eiTect of <111 LPD on the secretion of tot;ll 
(<�ctive + latent) TGF-[3. To confirm the specificity 
of the ;1ssay, a rabbit monoclonal anti-TGF-[3 anti­
body, which neutralizes both TG F-[31 and -[32 , was 
used. 

Fig. 4, A showed the TG F-[3 < ICtivity in the condi­
tioned media in the long-term diet experiment. Be-
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Fig. 2. The t.lcgrce of glomeru lar sclerosis (A) and interstitial 

changes (B) in 2-week NPD (N) and LPD (L) groups in which the 

t.liets were starlet.! at week 4 (/I{)R-4w), week R (/IOR-Rw), and 

week 16 (/IDR-16w) after the /\driamycin injection. The values 

arc the semiquantitative scores from four control rats or 10 

/\driamycin rats at each roint and expressed as the mean+ SEM. 

fore acidification, the cortical conditioned media 
from the 1\driamycin rats fed an H-wcek LPD or 
NPO had little inhibitory effect on mink lung epi­
thelial cells. The acidified conditioned media from 
the 1\driamycin r;tts fed iln H-weck LPD or NPD had 
a significant inhibitory ell'cct on mink lung epithelial 

cells, whereas the amounts of total TGF-[3 in the 
conditioned media from the Adriamycin rats feel an 
8-week LPD were lower (p < 0.00 I) than those from 
the Adriamycin rats fed an 8-week NPD. 

Before acidification, the cortical conditioned me­
di:l from the i\driamycin rats fed ct 2-week LPD or 
NPD at week X arter th<.; 1\driamycin injection had 
little inhibito ry efl'ect on mink lung ep ithe lial cells 
compared with each medium added with anti­
TGF-[3 antibody. The <1cidified same conditioned 
media from I he Adria mycin rats fed a 2-weck LPD 
or P D had " �ign i flc:tnt in h ihitor_ effect on mink 
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Fig. -L TGF-� acti, · ity in the cortical comlitioned mcdia from the 
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was �lartcd immcdiatcly after the second Adriamycin injection 
ami (B) after a 2-wcck NPD (ill) or LPD (D) that was started at 

wcck K af'tcr thc sccond /\driamycin injcction. Each sample was 
assaycd in cithcr thc prc!-,cnce or absencc of anti-TGF-[3 anti­
body. The TGF-[3 activity index was calculated as described in thc 

Methods section in the text. Each value rcpres nts the mc<tn of 
!-,iX samples from three rats and is the mean _ SEM. There was no 
dilfcrcnce in active or latent TGF-[3 activity between a 2-week 
NPD or LPD, whcrcas latent TGF-� activity in the Adriamycin 
rats fed an K-wcek LPD was lower than that in those fed an 
K-weck PD. 'p < (l.OO I. 

lung epithelial cells, but there was no significant 
difference in the TGF-13 activity of the conditioned 
media between the Adriamycin rats fed a 2-week 
LPO and PO (hg. 4, 13). 

Gene expressions of fibronectin, TGF-1� 1, and TGF-1� 
type II receptor. In the long-term diet experiment, the 
gene expression or TG F-131 in the Adriamycin rats 
kd an t-1-\ eek LPO significantly decreased com­
p<tred with that in the Adriamycin rats fed an B-week 

PO, whereas the gene expression or fibronectin in 
the AcJriamycin rats feel an LPD tended to decrease; 
however the clccrease was not significant. The gene 
expression of TG F-13 type I I receptor showed no 
significant clill'crence between the Adriamycin rats 
feel an �-week LPD and NPD (Figs. 5 ancJ o). Fi­
bronectin, TG F-131 and TG F-13 type I l receptor 
m R A exprcs:-.ions in the Adriamycin rats fed a 
2-v cek NPD were higher than those in the control 
rats fed a 2-week PO (TG F-131, 4.7-fold; fibronec-
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Fig. 5. Northern blotting of librnnectin (FN) mRNA. TGF-f31 

m RN/\. and TGF- 13 type [I receptor m RNA from the renal cortex 
:tftcr an H-wcek LPD. Ten micrograms of poly(/\) 1 RN/\ from the 

cortex of the /\driamycin rats fed an K-week NPD (N) or LPD (L) 
immediately after the second /\driamycin injection were loaded into 

cnch lane. Poly(/\)' RN/\ wns analyzed with rat lihronectin eDNA. 

the T:coRI/13gll fragment of rat TGF-131 eDNA, and human TGF-f3 
type I[ receptor eDNA. The blots were rehyhridized with G/\PDII 

cO !\to confirm that approximately equal amounts of RN/\ were 

loaded into each lane. llnmvs indicate the sizes of the major tran­

scripts for fihronectin (R.O kh), TGF-f3 1 (2.5 kb), TGF-13 type II 

receptor (5.5 kb). and GAPDII ( 1.3 kb). C/!P/J/1, Rcuuced glycer­
ald chyde-phosphnte dehydrogenase. 

tin, 5.7-rold; and TGF-13 type II receptor, 1.7-l'olc.l, at 
week 4 ), and the gene expressions of t-ihronectin or 
1 GF-131 showed a slowly progressive increase that 
reetchecl a peak at week lo. In the Adriamycin rats fed 
a 2-week LPD, fibroncctin, TGF-131, :tncl TG 1--13 type 
I I receptor mRNA expressions increased compared 
with those in the control rats fed a 2-week NPD (TGF-
131, 4.7-rolcl; fihroncctin, 5.4-l'old; <md TGF-13 type I I 
receptor, 1.5-fold, ;tl week 4), whcre;ts the peak of the 
gene expressions was found at week X in thc Adriamy­
cin rats fed a 2-week LPD (TG F-131, �-�-fold; fibronec­
tin, I 0.0-fold; and TG F-13 type I I receptor, 2.3-folcl). 

o significant dilfcrcnccs were found in the expres­
sions of flbroncctin or TGF-131 mR A between the 
Adriamycin rats fed a 2-wcck LPD and NPD at any 
st<tge, although both gene exprcssions seemed to he 
moderately upregul<ttcd at week � in the Adriamycin 
mts fed a 2-week LPD (Figs. 7 and �). 

DISCUSSION 

Our experiments revc;tlecl that the histologic consc­
quenccs of Adriamycin-induced ncphrop<tthy \ ere 
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/\d ri<�myc in r;ils ;titer an �-week PD (U) nr I.PD ([ 1). The diet 
was started immediately after the second /\driamycin inject ion. 
The value� arc expressed ;ts the mean of' the ratio to the expres­

sion or G/\PD! I m RN/\ and arc the mc<tn ..!.. SEM (N = J in both 

NPD and LPD groups). *p r ().(15. compared with the gene 
expression of TG F-111 in the normal protein diet group. Cillf'/)1/, 
Reduced glyceraldchyde-phm.phate dehydrogenase. 

ameliorated by an 8-week dietary protein rcstncllon. 
These results correlated with our previous report in 
which the beneficial effects were found to be propor­
tional to the degree of dietary protein rcstriction?7 
The effect of the protein restriction on progressive 
kidney injllly in experimental animal models has been 
proposed to bc medi:tted through hemodynamic 
mcchanisms.2�' 1 n rats with a remnant kidney or exper­
imentally induced diithetes, protein restriction in­
creases afferent arteriolar resistance, resulting in de­
creased intntglomerular pressure and glomerular 
plasma now and a reduced transmission of systemic 

'I Ill �11 f pressure to the glomerulus. · ·- I Iowever, results o a 
limitcd number of studies cvaluating the glomerular 
hemmlyn;tmic effects or :t high-protein diet suggcst 
thett dietary protein rcstriction inlluences the progres­
sion or glomerulosclerosis independent or effects on 

. \() '\I glomerular hemodynam1cs: ·· 

Dietary protein restriction also influences the im­
mune mechanism, the production of vasoactive sub­
stanccs, or kidney growth. Thc protective efTcct of 
an LPD may be the result of impaired T-cell medi­
ated injury.'' It has been suggcsted that eicosanoids 
may play et key role in the protein synthcsis and gene 
expression of LCM. 12 v; Rats fed a high-protein diet 
have incre<tsed glomerul;1r production and increa..,ed 
urin:try excretion of thromboxane compared with 
rat<., fed an LPD.1' 11 It h:t'> hcen propmed that 
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Fig. 7. Northern blotting of flhronectin (FN) mR 1\, TGF-PI 
mRNJ\, ami TGF-1) type II rcccrtor mRNJ\ from the renal 
wrtcx after a 2-wcek LPD. Ten micrograms of poly (A) 1 RNA 
f111111 either the control rats (C) ur the J\uriamycin rats fed 2-wcck 
NPD (N) and LPD (L) that were started at weeks 4 (-Iii'}, H (8w), 
or Ill (lf>11') after the secund Adriarnycin injection were loaded 
11110 each lam:. Poly (A) 1 RNA was ;rnalyt.cd with r:tt fibronectin 
cD A, the /:mRI/Bgll f1;1gment of rat TCIF-�1 cD 1\, and 
human ·1 GF-r3 tyrc II receptor cl) 1\. The blots were then 
rehyb1 id11ed with GJ\PDII cDNJ\ to conlirm that approximately 
equal amounts of R J\ were loaded into each lane. Arrows 
indica! · the sit.es of the major transcripts for fibronectin (�.0 kb ) , 
T F-1) I (2.5 kb ), T F-[3 type II receptor (5.5 kb ), and GAPOH 
( 1.3 J,.b). GAPDII, Reduced glyceraldchyue-phosphate dehydro­
genase. 

kidney kallikrein and kinins participate in mediating 
the kidne asodilatory ell'cct of dietary protein.15 
Plasma renin activit has also been demonstrated t 
va1 direct! \ ith th�.; level of dietary protein in­
take.u' Although these vasoactive . ubstance · may 
contribute to kidney injuty, recent interest has f -
cuscd on the influence or growth factors on the 
c olution of kidney disease, particularly the forms of 
kidney disea ·e a. sociated with kidney hypertrophy. 

Protein r �. triction has been shown to reduce kid­
ne hypertrophy in r�.;mnant nephrons.'J When h -
pertrophic stimuli were imposed on the kiuney, the 
sclero.ing procs: was found to he a ·cekrated in 
experimental glomerulonephritis,\() F S:"\7,.\H and 
uiabctic ncphr path, _.w The de clopment of glo­
merular clcr si · i: gene rail seen in a sociation 
with an cnlarg ment of the glomerular size.--1° !­
though the mechanism responsible for the elf t of 
an LPD on kidney hypertrophy is still unknown the 
level of protein intake may influence critical growth 
factors.41 A cau�al relationship bet\ een the rise in 
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Fig. X. The quantitation of mRNJ\ for TGF-P I (/\), Jibroncl'lin 

(FN) (13), and TGF-P type II receptor (C) in the cortex of the 

J\driamycin rats after a 2-wcek NPD (�)or LPD (0). The diet 

was started at weeks 4 (..Jw), H {8w), or I(> (16w) after the second 

J\driamycin injection. The values arc expressed as the percent­

ages of the control, with the mean control value being designated 

as J 00%, and arc the mean ::!: SEM (N = 3 at each point in both 

NPD and LPD groups). No significant differences between NPD 

and LPD groups were found in the gene cxpres�ions of TGF-� I, 
fibroncetin, or TGF-0 type II receptor. 

kidney IGF-1 and kidney hypertrophy has been sug­
gested by El-Nahas et al.,42 who demonstrated that 
a similar degree of compensatory kidney growth 
after uninephrectomy was accompanied by a rise in 
the remnant kidney TGF-1 levels in growth hor­
mone-deficient rats as nongrowth hormone-defi­
cient animals. fn another study, they showed that 
compensato1y hypertrophy could be abrogated by an 
LPD and that this phenomenon was accompanied 
by a reduction in kidney IG F-llevels compared with 
the significantly elevated levels seen in animals fed a 
high-protein diet.17 

TG F-f3 is a main factor in regulating sclerosis and 
fibrosis because of its widespread efTect on ECMs, 
although many cytokines may be implicated in the 
sclerotic and fibrotic responses consequent to Ad­
riamycin-induced kidney injury. In our previou� 
study of Adriamycin-induced nephropathy, the pro­
gressive increase in latent TGF-f3 synthesis resem­
bled the pattern of cortical or glomerular fibronectin 
production.4 Fibronectin is a key component found 
in the ECMs of the interstitium. Fibronectin first 
appears before other matrix protein in scarring tis­
·ue . .4.l and thus provide· a scaffold for the deposition 
and fibrogenesi of inter titial collagcns.44 An in­
creased amount of the fibronectin synthesi in glo-
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mcrular or cortical culture correlated with either 
glomerulosclerosis or interstitial fibrosis in this 
model.4 TG F-f31 mRNA is augmented throughout 
the entire process of the disease. The gene expres­
sions of TGF-f3 type II and I ll receptors increase 
progressively in a similar manner to kidney histo­
logic changes. TGF-f3 was found in both tubular 
epithelial cells and macrophages dispersed in ei­
ther the damaged interstitium or glomeruli. It was 
also noteworthy that the elevation of TG F-f31 
mRNA preceded the increase in the fibronectin 
synthesis and m RNA and that the fibroncctin syn­
thesis was reduced by anti-TG F-f3 <Jnt ibocly added 
to the cortical tissue culture (unpublished data). 
These; findings suggest that TGf7-f3 stimulates 11-
hronc;ctin production and thus resulted in scle­
rotic kidney changes in this model. In the long­
term diet experiment, TGF-f3 synthesis and 
TG F-f31 mRNA were reduced in the J\driamycin 
rats fed an 8-week LPD in parallel with the ame­
lioration of kidney destruction. These results may 
suggest that an LPD reduced the fibronectin pro­
duction through the suppression of the TGF-f3 
synthesis, resulting in the amelioration of kidney 
injury of Adriamycin-induced nephropathy. 

On the other hand, in the short-term diet ex­
periment, the gene expression of TGF-f3 was not 
significantly reduced at any stage in the Adriamy­
cin rats fed a 2-week LPD, although a slight de­
crease in latent TGF-f3 activity was observed in 
the Adriamycin rats fed a 2-week LPD. J\ 2-week 

LPD did not significantly improve the kidney 
d;Jma!!e either. Thus two weeks might not he long 
enough rnr the LPD to SllpfHCSS the kidney dete­
rioration and TGF-f3 overexpression in this 
moue!. However, a 2-week LPD remarkably re­
duced fibronectin synthesis without any reduction 
in TGF-13 expression in this model. This finuing 
suggested that <In LPD did not reduce the fi­
bronectin synthesis through the suppression of 
TG F-f3 ;done but also exerted some direct eflcct 
on fibronectin synthesis. The reduction of fi­
bronectin synthesis by a 2-week LPD might be not 
sufficient to improve chronic kidney destruction. 
Our previous study demonstrated that the LPD, 
which was started at weeks 4, R, or I() after the 
Adriamycin injection, W<IS found to he efTective in 
preventing the kidney lesions after a long period 
of observation,45 and a longer suppression of fi­
hronectin synthesis also might be needed for an 
LPD to improve the kidney lesions in this model. 
Furthermore, the suppression of fibroncctin syn­
thesis might be not sufficient for preventing scle­
rotic tissue damage without inhibiting TGf-13 exrres-

Nakayama et al. 37 

sion. TG F-f3 modulates matrix accumulation by 

inhibiting the degradation of matrix protein and aug­
menting the expression of matrix receptor besides 
stimulating the matrix protein synthesis. Th se func­
tions of TG f-f3 may therefore be critical for the de­
velopment of either glomerulosclerosis or interstitial 
fibrosis. 

The discrepancy between fibronectin . ynthesis 
<Jnd fibronectin mRNJ\ expres. ion observed in 
this 2-wcck LPD study suggested that an LPD 
might exert a quicker inlluence on the protein 
synthesis or fibroncctin than on the transcrirtional 
events of fibronectin, although the mechanism of 
the posttranscriptional surpression or libronectin 
synthesis is still unclear. Posttranscriptinnal regu­
lation is a genetic term that refers to numerous 
processes such as capping, splicing, transrort of 

mature mRNJ\ molecules from the nucleus to the 

cytoplasm, and degradation of mRNJ\, whether in 
the nucleus or cytoplasm. Althouoh th primary 

regulation of fihronectin expression occurs at the 
transcriptional levci,.J"-4H a previous study has 
demonstrated that flbronectin mRNA accumu­
lates in high amounts in polysomcs and cannot he 
translated into protein in the presence or antipro­
liferative agents such as interferons.49 Moreover, 
a long sequence rich in A and U nucleotides in the 
3' untranslated region of tumor necrosis factor-a 
mRNA50 and interleukin- l f3  mRNJ\51 can regu­
late translational efficiency. Fibronectin mRNA 
with a similar A and Urich 3' untranslated region 
m<IY also be modul<t tcd in either the stability or 
translational efficiency. 5:! We could not fully elu­
cidate the mech;tnism in which a 2-wcek I J>J) 
decreased fihronectin synthesis without afTecting 
the expressions of flbronectin mRNA. It might he 
speculated that a 2-week LPD had some effects on 
the posttranscriptional regulation of llbroncctin 
mRNA or the destabilization of the message. 

In summary, long-term dietary protein restric­
tion reduced the synthesis of flhronectin or 
TGF-r3 and the mRNA expression or T 1f·-f3l in 
parallel with the improvement of kidney hist )logy. 

In contrast, the short-term LPD an·ected the fi­
bronectin synthcsi" hut not the mRNJ\ expres­
sions of fibronect in, TG F-f31, or TG r-� type If 
receptor. This flnding sugge�ted that short-term 
dietary protein restriction might exert a quicker 
inOuencc on the protein synthesis of fibronectin 
than on the transcriptional events of fihronectin. 
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