High Glucose Stimulates Hyaluronan Production by Renal Interstitial
Fibroblasts Through the Protein Kinase C and Transforming
Growth Factor-B Cascade
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Deposition of hyaluronan has been implicated in the pathogenesis of diabetic glomerulosclerosis. We hypothesized the
involvement of hyaluronan in diabetic tubulointerstitial fibrosis. We investigated high-glucose effect on hyaluronan produc-
tion by rat renal interstitial fibroblasts (normal rat kidney [NRK] cells) and examined the role of hyaluronan in NRK cell
proliferation. The involvement of protein kinase C (PKC) and transforming growth factor-g (TGF-B) in this response was also
examined. After 24 hours of incubation in medium containing 25.6 mmol/L glucose, production of hyaluronan by NRK cells
was significantly increased compared with medium containing 5.6 mmol/L glucose (P < .01). L-glucose and mannitol had no
effect on hyaluronan production. High glucose enhanced basal in situ PKC activity (P < .01), and both an activator of PKC
(phorbol 12-myristate 13-acetate; [PMA]) and TGF-B 1 were able to increase hyaluronan production by NRK cells (P < .01). The
effect of high glucose on hyaluronan production was diminished by coincubating cells with PKC inhibitors (staurosporine
[Stp] or calphostin C [CpC]) or with an anti-TGF-g neutralizing antibody. Stimulation of hyaluronan production by PMA was
also normalized by anti-TGF neutralizing antibody, but the effect of TGF-B1 was not affected by inhibition of PKC. Finally,
incubating quiescent NRK cells with 50 or 100 ng/mL hyaluronan for 24 hours significantly increased NRK cell number (P <
.01). In conclusion, high glucose stimulates hyaluronan production through the PKC/TGF-B cascade. Increased hyaluronan
promotes NRK cell proliferation. These results suggest that hyaluronan may play a role in the pathogenesis of interstitial

fibrosis in diabetic kidney disease.
Copyright © 2001 by W.B. Saunders Company

IABETIC NEPHROPATHY IS characterized histologi-
cally by mesangial expansion and glomerular basement
membrane thickening.1-3 Tubulointerstitial fibrosis and other
extraglomerular alterations are also critical components of re-
nal injury in diabetic nephropathy.4¢ Progressive expansion of
therenal interstitium leads to elevation of vascular resistancein
the pre- and postglomerular vessels, potentially contributing to
intraglomerular hypertension.® Hyaluronan, a ubiquitous poly-
anionic glycosaminoglycan, is an important component of the
extracellular matrix [reviewed in Laurent and Fraser?]. Hyalu-
ronan is synthesized in the plasma membrane and secreted into
the extracellular space by fibroblasts and a number of other cell
types.” Although the physiologic and pathophysiologic roles of
hyaluronan in normal and diseased kidneys are not well estab-
lished, accumulation of hyaluronan in renal interstitium has
been associated with several renal pathologies, including isch-
emic injury,® allograft rejection,® and interstitial nephritis.1®
Recently, Mahadevan et al1112 found increased hyaluronan
biosynthesis in glomeruli from diabetic animals and in mesan-
gial cells cultured in high glucose. In addition, hyaluronan is
reported to stimulate mesangial cell proliferation, possibly im-
plicating this glycosaminoglycan in the pathogenesis of dia-
betic nephropathy.13
Severa investigators have demonstrated increased protein
kinase C (PKC) activity and altered subcellular localization of
specific PKC isoforms in mesangial cells cultured in the pres-
ence of high glucose#16 and in glomeruli isolated from dia-
betic animals.1”1® These phenotypic changes appear to be
dependent on glucose because of the close association between
high extracellular glucose levels, elevated intracellular glucose,
and the increase in de novo synthesis of diacylglycerol from
glycolytic intermediates, which results in activation of PKC.14
PKC activation triggers mitogen-activated protein kinase
(MAPK),2° |eading to upregulation of transforming growth
factor-g (TGF-B) and ultimately to enhanced gene expression
and synthesis of extracellular matrix proteins, including type |
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and IV collagens, fibronectin, and laminin.2122 Exposure to
high-glucose concentrations also increases TGF-8 mMRNA ex-
pression in proximal tubular cells?3 and in renal cortical fibro-
blasts.24 Hyaluronan synthesisis stimulated by several intrinsic
mediators, including TGF-B, platelet-derived growth factor
(PDGF), PKC, and low-density lipoprotein (LDL), depending
on the cell type studied.”-25-27 On the basis of these experimen-
tal observations, we hypothesized that hyaluronan synthesis by
renal interstitial fibroblasts could be stimulated by exposure to
high glucose during diabetes, and that this stimulation might be
mediated through activation of the PKC/TGF-8 cascade. To
test this hypothesis, we examined the effects of high-glucose
concentration on hyaluronan production in rat renal interstitial
fibroblasts (normal rat kidney [NRK] cells), and assessed
whether PKC/TGF- signaling was associated with this effect.
The effect of hyaluronan on NRK cell proliferation was aso
explored to determine whether increased hyaluronan produc-
tion might contribute to interstitial fibrosis.

MATERIALS AND METHODS
Materials

Dulbecco’s modified Eagle’s medium (DMEM) and other culture
reagents were obtained from Gibco Life Technologies (Grand Island,
NY). Fetal bovine serum was obtained from ICN Biomedical (Costa
Mesa, CA); hyauronan, phorbol 12-myristate 13-acetate (PMA), stau-
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rosporine (Stp), and calphostin C (CpC) were obtained from Sigma
Chemicals (St Louis, MO), and [y-*2P] adenosine triphosphate (ATP)
was purchased from Amersham Pharmacia Biotech (Tokyo, Japan).
TGF-B1 and anti-TGF-B neutralizing antibody were obtained from
R&D Systems (Minneapolis, MN). The assay kit for hyaluronan was
obtained from Reads Medica Products (Westminster, CO), and the kit
for determining cell numbers (Cell Counting Kit-8; WST-8) was ob-
tained from Dojin Kagaku (Tokyo, Japan).

Cell Culture

The normal rat kidney fibroblast cell line (NRK 49F) was obtained
from the Japanese Cancer Research Resources Bank (Tokyo, Japan).
NRK cells were grown in DMEM containing 5% fetal bovine serum,
2.38 mg/mL HEPES, 100 IU/mL penicillin, and 100 pg/mL strepto-
mycin. Confluent NRK cells were incubated for 24 hours in DMEM
without serum containing either 5.6 mmol/L or 25.6 mmol/L p-glucose.
In studies designed to test the specificity of p-glucose and to rule out
any osmotic effect of high-glucose, 20 mmol/L mannitol or L-glucose
were added to DMEM containing 5.6 mmol/L p-glucose (to achieve a
final concentration of 25.6 mmol/L) and incubated with NRK cells for
24 hours. PMA, PKC inhibitors (Stp, CpC), TGF-B1, and/or anti—
TGF-B neutralizing antibody were added at the concentrations de-
scribed in the text.

Determination of Hyaluronan Synthesis

Hyaluronan production was assessed by measuring the concentration
of hyaluronan in the culture medium using a commercially available
kit. Thiskit is based on a sandwich-type binding assay using hyaluronic
acid binding protein (HABP). Briefly, diluted sample medium was
incubated in HABP-coated microtiter plates for 60 minutes. After
washing the wells with wash buffer, 3 uL of peroxidase-conjugated
HABP (30 pL/mL) was added. Following an additional 3 washes,
substrate solution (200 pg/mL 3,3',5,5'-tetramethylbenidine, 0.33
pL/mL 30% H,O,) was added for 30 minutes. The reaction was
stopped by adding 18 wmol H,SO, followed by measurement of
absorbance at 450 nm using a microplate reader. Although de novo
synthesis of hyaluronan was not measured directly, an increase in
hyaluronan concentration in the culture medium was considered to be
reflective of an increase in hyaluronan production by the cells.

For cell protein determination, NRK cells were first dissolved in
0.5 mol/L NaOH, and total cell protein was quantified using Bio Rad
DC protein assay (Hercules, CA). The hyaluronan content was ex-
pressed as nanogram per milligram protein.

In Stu PKC Assay

PKC activity in NRK cells was determined by in situ phosphoryla-
tion of the PKC-specific substrate derived from the epidermal growth
factor (EGF) receptor (VRKRTLRRL) as described previously.28
Briefly, confluent NRK cells were incubated with digitonin-based per-
mesbilization buffer, containing 137 mmol/L NaCl, 5.4 mmol/L KClI,
10 nmol/L MgCl,, 0.3 mmol/L Na,HPO,, 0.4 mmol/L KH,PO,, 25
mmol/L B-glycerophosphate, 5.6 mmol/L glucose, 5 mmol/L EGTA,
2.5 mmol/L CaCl,, 20 mmol/L HEPES, pH 7.2, 50 png/mL digitonin,
100 wmol/L [y-32P] ATP (specific activity ~1,000 cpm/pmol), and 300
mmol/L PKC-specific peptide substrate. After a 10-minute incubation
at 30°C, the reaction was terminated by adding ice-cold trichloroacetic
acid (final concentration, 5%). Aliquots (50 nL) of the acidified reac-
tion mixture were spotted onto 2.1-cm phosphocellulose paper circles
(Whatman P81, Maidstone, UK), and washed using 3 changes of 75
mmol/L phosphoric acid, and a final rinse with 75 mmol/L Na,HPO,
pH 7.5. Theradioactivity retained on the circles was counted in aliquid
scintillation counter. All %P cpm values were normalized for the
corresponding total cell protein.
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Cdll Proliferation Assay

The effect of hyaluronan on NRK cell proliferation was determined
by indirect cell counting using a commercial kit. This method is based
on the colorimetric conversion of a tetrazolium compound [2-(2-
methoxy-4-nitrophenyl)-3-(4-nitro-phenyl)-5-(2,4-disulfophenyl)-2H-
tetrazolium, monosodium salt: WST-8] to formazan. The resulting
absorbance is directly proportional to the number of living cells, and
the method is well correlated with [*H] thymidine incorporation
methods.2

Subconfluent NRK cells were grown in a 96-well plate and growth
arrested by incubation in serum-free medium for 24 hours. Quiescent
cells were stimulated with hyaluronan (0 to 100 ng/mL) for 24 hours.
At the end of the incubation period, WST-8 was directly added into
each well, and absorbance at 450 nm was measured using a microplate
reader.

Satistical Analysis

Results are expressed as mean = SD with the number of experimen-
tal determinations indicated as n. Statistical comparisons were per-
formed using 1-way analysis of variance (ANOVA) followed by Fish-
er's protected least significant difference test.3 A P value < 0.05 was
considered statistically significant. All statistical analyses were per-
formed using the Statview Software on a Macintosh computer.

RESULTS

Exposure of NRK cells to high-glucose concentration re-
sulted in an increase in hyaluronan production (Fig 1). Hyalu-
ronan production by NRK cells, normalized for cell protein
values, was increased by 62% =+ 21% when cells were incu-
bated for 24 hours in medium containing 25.6 mmol/L b-
glucose compared with medium containing 5.6 mmol/L glu-
cose (P < .01). Incubation of NRK cells with L-glucose or
mannitol for 24 hours did not cause any increase in hyaluronan
production (Fig 2), indicating that the response to high glucose
was not due to an osmotic effect.

To test whether PKC activation was involved in the glucose-
induced increase in hyaluronan production by NRK cells, an
activator of PKC (PMA), as well as PKC inhibitors, was used.
For cells cultured in normal glucose, incubation with 100
nmol/L PMA for 24 hours caused a 151% = 21% increase in
hyaluronan production (Fig 3). Correspondingly, the increased
production of hyaluronan by cells incubated with high glucose
was completely inhibited when PKC inhibitors, Stp, 0.5 nmol/L
or CpC, 50 nmol/L were added to the medium. These PKC
inhibitors did not inhibit hyaluronan production by NRK cells
incubated in normal glucose (Fig 3), suggesting that the inhi-
bition of hyaluronan production by the PKC inhibitors was not
due to reduced cell viability.

To further investigate the possibility that PKC activation
could play arolein the stimulation of hyaluronan production by
high glucose, we studied the effect of PMA on PKC activity in
NRK cells preincubated in normal and high-glucose medium
using an in situ phosphorylation assay. As shown in Fig 4,
PMA significantly increased PKC activity in NRK cells prein-
cubated in medium containing normal or high glucose. There
was a dight, but significantly greater, basal PKC activity in
NRK cells cultured for 24 hours in high glucose to normal
glucose (315 = 14 v 38.0 = 0.5 pmol/min/mg protein,
P < .01). Addition of PMA, as expected, further increased the
activation of PKC, while the modest difference in PKC activity
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Fig 1. Effect of high glucose on hyaluronan production by NRK
cells. NRK cells were incubated for 24 hours in medium containing
high glucose (25.6 mmol/L, HG) or normal glucose (5.6 mmol/L, NG),
and hyaluronan was measured in the conditioned medium as de-
scribed in Materials and Methods. Data are expressed as mean = SD
(n = 4). Asterisk () indicates a significant difference from NG (P <
.01) (O, NG; =, HG).

between high glucose and normal glucose-treated cells was
maintained or slightly amplified. These data support the hy-
pothesis that PKC activation may play arolein the stimulation
of hyaluronan production by high glucose.

In mesangial cells'” and tubulointerstitial cells,2324 high
glucose provokes an increase in the synthesis of TGF-B. To
ascertain whether TGF-B participates in the high—glucose-
induced hyaluronan production by rena interstitial fibroblasts,
the effects of TGF-B and an anti-TGF-B neutralizing antibody
were investigated. Incubation of NRK cells with 10 ng/mL
TGF-B1 for 24 hours caused a 10.9-fold (P < .01) and 7.7-fold
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Fig 2. Effect of p-glucose (25.6 mmol/L), L-glucose (20 mmol/L),
and mannitol (20 mmol/L) on hyaluronan production by NRK cells.
NRK cells were incubated with 25.6 mmol/L p-glucose or 20 mmol/L
L-glucose or 20 mmol/L mannitol in medium containing 5.6 mmol/L
p-glucose (final carbohydrate concentration, 25.6 mmol/L). Hyaluro-
nan concentrations in medium from cells incubated with 25.6
mmol/L p-glucose medium were significantly higher than from cells
cultured in 5.6 mmol/L glucose, but no effect was observed for
L-glucose or mannitol. Data are expressed as mean = SD (n = 4).
Significant difference from 5.6 mmol/L p-glucose is indicated by
asterisk () (P < .01).
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Fig 3. Effect of PKC activation and inhibition on hyaluronan pro-
duction by NRK cells. The PKC activator PMA (100 nmol/L) stimu-
lated hyaluronan production in the presence of both 5.6 mmol/L (NG)
and 25.6 mmol/L glucose (HG). The effect of high glucose on hyalu-
ronan production was inhibited by the PKC inhibitors: Stp, 0.5
nmol/L and CpC, 50 nmol/L. Data are expressed as mean = SD (n =
4). Significant differences from 5.6 mmol/L glucose (NG) are indi-
cated by *P < .01, **P < .001, and significant difference from control
is indicated by t P < .01 (OJ, NG; =, HG).

(P < .01) increase in hyaluronan production for conditions of
normal and high glucose, respectively (Fig 5). Correspond-
ingly, treating cells with 10 wg/mL anti—-TGF-B neutralizing
antibody partialy attenuated the stimulation of hyaluronan
production by high glucose (69% * 9% of control, Fig 5).
When cells cultured in normal glucose were coincubated with
both PMA and anti—-TGF-8 antibody, the increased hyaluronan
production by PMA was completely suppressed (Fig 6). In
contrast, the PKC inhibitors Stp and CpC did not affect TGF—
B1-induced hyaluronan overproduction by NRK cells cultured
in normal glucose (Fig 7). These findings suggest that TGF-
acts downstream of PKC in the signa transduction pathway

o 0.5 1 2 5 10 24
Time incubated with PMA (hours)

PKC activity (pmol/min/mg protein)

Fig 4. Time course of PKC activation following exposure to PMA.
NRK cells were preincubated with high glucose (HG) or normal glu-
cose (NG) medium for 24 hours. After stimulation with 100 nmol/L
PMA, PKC activity immediately increased in both NG and HG-treated
cells, and this effect was downregulated by 5 hours. Data are ex-
pressed as mean = SD (n = 6). Significant difference from 5.6 mmol/L
glucose (NG) is indicated by *P < .01. Significant difference from
baseline (0 hour) is indicated by T P < .01 (O, NG; =, HG).
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Fig 5. Effect of TGF-B and anti-TGF-$ neutralizing antibody on
hyaluronan production by NRK cells. Hyaluronan production in both
normal glucose (NG) or high glucose (HG)-containing media was
significantly increased by TGF-$1 (10 ng/mL). Anti-TGF-$ antibody
(10 ng/mL) partially attenuated overproduction of hyaluronan medi-
ated by HG. Data are expressed as mean + SD (n = 4). Significant
difference from 5.6 mmol/L glucose (NG) is indicated by *P < .01,
significant difference from control is indicated by t P < .01 (CJ, NG; =,
HG).

that mediates the effect of high glucose on NRK cell hyaluro-
nan production.

Finally, the effect of hyaluronan on NRK cell proliferation
was explored to determine whether increased hyaluronan could
contribute to interstitial fibrosis. Incubation of quiescent NRK
cells with 50 and 100 ng/mL hyaluronan for 24 hours signifi-
cantly increased NRK cell numbers by 46% =+ 12% and 39% =
11%, respectively (P < .01) (Fig 8). This result suggests that
hyaluronan production induced by high glucose might lead to
fibroblast proliferation, thus contributing to the pathogenesis of
interstitial fibrosis.

DISCUSSION

The present study demonstrated that high p-glucose stimu-
lates hyaluronan production in NRK cells. This effect was
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Fig 6. Effect of anti-TGF-B antibody on PMA-stimulated hyaluro-
nan production. Anti-TGF-g antibody (10 pug/mL) normalized the
increased hyaluronan production caused by PMA. Data are expressed
as mean = SD (n = 6). Significant difference from control is indicated
by *P < .01.
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Fig 7. Effect of PKC inhibition on TGF-B-stimulated hyaluronan
production. Neither Stp, 0.5 nmol/L nor CpC, 50 nmol/L were able to
normalize the increased hyaluronan production caused by TGF-p1.
Data are expressed as mean =+ SD (n = 4). Significant difference from
control is indicated by *P < .01.

p-glucose-specific and not due to an osmotic effect of the
glucose, as substituting L-glucose or mannitol did not cause a
similar response. This study also showed that for NRK cells
cultured in normal glucose, PMA-induced PKC activation and
exposure to exogenous active TGF-B mimicked the high—
glucose-induced increase in hyaluronan production. In addi-
tion, PKC inhibitors and an anti—-TGF-3 neutralizing antibody
inhibited the increased production of hyaluronan by NRK cells
cultured in high glucose. These results suggest that the effect of
high glucose on hyaluronan production by NRK cells is medi-
ated via PKC activation and upregulation of TGF-8

Both PKC and TGF-B have been implicated in the modula-
tion of hyaluronan synthesis by several cell types including
skin fibroblasts,25 peritubular cells from immature rat testis,3!
and neuroblastoma cells.32 In addition, increased hyaluronan
production by glomerular cells from diabetic rats has been
reported by Mahadevan et a.1* They suggested a role of PKC
in the high—glucose-induced hyaluronan overproduction by
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Fig 8. Effect of hyaluronan on NRK cell proliferation. NRK cell
counts were significantly increased after incubating with 50 or 100
ng/mL hyaluronan for 24 hours. Data are expressed as mean = SD
(n = 6). Significant difference from control is indicated by *P < .01.
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these cells.12 In the present study, we demonstrated that in renal
interstitial cells, upregulation of the PKC-TGF-B pathway is
closely associated with hyaluronan production, suggesting that
this pathway plays a crucial role in increased hyauronan syn-
thesis caused by high glucose.

PKC activation in glomeruli from diabetic animals and in
mesangia cells exposed to high glucose has been reported by
severa groups.*41® Enhanced TGF-B expression due to high
glucose has also been reported in diabetic nephropathy.23.24.33
In the present study, we demonstrated that increased hyaluro-
nan production caused by PKC activation (using PMA) was
attenuated by a TGF-B neutralizing antibody, whereas PKC
inhibitors did not affect TGF—B1-induced hyaluronan produc-
tion. In addition, we showed that exposure to high glucose
caused in situ PKC activation (Fig 4), but that incubation with
TGF-B1 did not activate PKC (data not shown). These results
suggest that TGF-B acts downstream of PKC in the signa
transduction pathway evoked by high glucosein NRK cells. By
contrast, in cultured vascular smooth muscle cells, TGF-8 has
been shown to directly activate PKC.34 The reason for this
difference is unclear, but may relate to differences in the cell
types. PKC consists of a family of at least 12 isoforms classi-
fied according to their calcium-and phospholipid-dependence
into 3 categories: classical, novel, and atypical.18 In diabetic
glomeruli or mesangial cells cultured in high glucose, selective
PK C isoforms, especially diacylglycerol-sensitive classical and
novel PKC isoforms are activated; however, controversy exists
on the PKC isoform selectivity.17-19 Thus, effects of high
glucose on rena interstitial cell PKC isoform expression and
subcellular distribution require further study.

The major hyaluronan receptor is CD44, a 90-kd molecule
that is localized on the surface of many cell types.32 Biological
functions of hyaluronan mediated through interaction with the
CD44 receptor are not well understood, however, severa stud-
ies suggest that hyaluronan can promote cell proliferation
through this receptor.35-37 We also found a stimulatory effect of
hyaluronan on NRK cell proliferation (Fig 8). It is therefore
possible that increased hyaluronan production caused by high
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glucose could promote renal interstitial fibrosis, which is asso-
ciated with renal fibroblast proliferation.3® Cultured skin fibro-
blasts obtained from type 1 diabetics with nephropathy have
been demonstrated to exhibit increased cellular proliferation
and collagen synthesis compared with fibroblasts from diabetic
patients without nephropathy.3° Recent in vitro studies suggest
that high glucose stimulates cell proliferation and collagen
synthesis in renal cortical fibroblasts.244° While we did not
investigate the effect of high glucose on matrix protein produc-
tion, our results suggest that increased hyaluronan production
by interstitial fibroblasts could contribute to the deposition of
interstitial matrix material in diabetic nephropathy.

Whether hyaluronan provides a promotional, defensive, or
passive role in intergtitial fibrosis remains to be determined.
Several glycosaminoglycans have been reported to have a
renoprotective role in the kidney. Gambaro et a4.42 demon-
strated that sulfated glycosaminoglycan inhibits PKC/TGF-B81
in experimental diabetic nephropathy. On the other hand, hya-
luronan has been shown to suppress sulphation of matrix gly-
cosaminoglycans, ie, proteoglycans,4344 which alter the charge
barrier during glomerular filtration. Increased hyaluronan in the
renal interstitium in diabetes may also affect tubulointerstitial
matrix structure; however, its contribution to diabetic nephrop-
athy is unestablished. Further investigation will be necessary to
clarify the role of hyaluronan in diabetic kidney disease.

In conclusion, high glucose increases hyaluronan production
by renal interstitial cells in culture through a mechanism inde-
pendent of its osmotic effect. This increased production of
hyaluronan is mediated by activation of the PKC/TGF-B cas-
cade. In addition, increased hyaluronan levels stimulate prolif-
eration of interstitial fibroblasts. These results suggest that
increased hyaluronan production by renal interstitial fibroblasts
caused by elevated glucose may play arolein the pathogenesis
of interdtitial fibrosis in diabetic kidney diseases.
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