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Thrombin is a novel regulator of hexokinase activity in

mesangial cells
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Thrombin is a novel regulator of hexokinase activity in mesan-
gial cells.

Background. Hexokinase (HK) activity is fundamentally
important to cellular glucose uptake and metabolism. Phorbol
esters increase both HK activity and glucose utilization in cul-
tured mesangial cells via a protein kinase C (PKC)- and extra-
cellular signal-regulated kinases 1 and 2 (ERK1/2)-dependent
mechanism. In adult kidneys, increased HK activity has been
reported in both glomerular injury and in diabetes, but the mech-
anisms responsible for these changes are unknown. Thrombin,
a known activator of both PKC and ERK1/2, is increased in
the settings of renal injury and diabetes. Thus, thrombin may
contribute to the observed changes in HK activity in vivo.

Methods. Thrombin and thrombin receptor agonists were
tested for the ability to increase HK activity and glucose metab-
olism in murine mesangial (SV40 MES 13) cells. ERK1/2 acti-
vation was also evaluated in parallel. Thrombin inhibition
(hirudins), PKC depletion, Ser-Thr kinase inhibition (H-7),
MEXK1/2 inhibition (PD98059), pertussis toxin (PTX), and gen-
eral inhibitors of transcription or translation were then tested
for the ability to attenuate these effects.

Results. Thrombin (=0.01 U/mL) mimicked the effect of
phorbol esters, increasing HK activity >50% within 12 to 24
hours (P < 0.05). This effect was inhibited by hirudins, mim-
icked by thrombin receptor agonists, and accompanied by in-
creased Glc utilization. H-7, PD98059, and general inhibitors
of transcription or translation—but not PTX—prevented
thrombin-induced HK activity at 24 hours. PKC depletion and
PD98059 also blocked the associated phosphorylation and acti-
vation of ERK1/2.

Conclusions. Thrombin increases mesangial cell HK activity
via a PTX-insensitive mechanism involving thrombin receptor
activation, PKC-dependent activation of ERK1/2, and both
ongoing gene transcription and de novo protein synthesis. As
such, thrombin is a novel regulator of HK activity in mesangial
cells and may play a role in coupling renal injury to metabolism.
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regulated kinases 1 and 2, renal injury.
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Hexokinases (HKs) are fundamentally important to all
cells. By catalyzing the phosphorylation of glucose (Glc)
to yield Glc-6-P, they play a central role in both the
facilitated uptake and subsequent metabolism of Glc. In
the insulin-sensitive peripheral tissues that account for
the bulk of systemic Glc uptake and utilization (that is,
skeletal muscle and adipose), insulin is a major regulator
of Glc metabolism and HK activity. In contrast, the kid-
ney does not depend on insulin for normal Glc metabo-
lism and is characterized by a state of Glc overutilization
in the setting of diabetes, which differs markedly from
the state of Glc underutilization observed in diabetic
muscle and adipose tissue [1-10]. It is therefore of great
interest that increased renal HK activity has been re-
ported not only in experimental diabetes, but also in
genetic obesity [8], compensatory renal hypertrophy [9],
and puromycin aminonucleoside nephrosis [11]. The mo-
lecular mechanisms underlying these changes and the
normal determinants of HK activity in the kidney, how-
ever, are not known. Moreover, the contributions of indi-
vidual cell types to these changes have not been ad-
dressed. As the principal renal cell type affected by a
variety of pathologic conditions, including diabetes, we
are particularly interested in the regulation of HK activ-
ity in mesangial cells.

In preliminary testing, several known regulators of
HK activity in extrarenal tissues (for example, insulin
[12], adrenomimetics [13], and glucocorticoids [14]) were
found to have no significant effect on HK activity in
cultured mesangial cells (R.B. Robey, unpublished ob-
servations), suggesting that this cell type may exhibit
novel regulatory characteristics with regard to Glc-phos-
phorylating capacity. Compatible with this interpreta-
tion, we recently reported the novel regulation of mesan-
gial cell HK activity by phorbol esters [15]. The ability
of phorbol esters to increase HK activity required the
sequential activation of protein kinase C (PKC) and ex-
tracellular signal-regulated kinases 1 and 2 (ERK1/2).
The corresponding activators of these signaling interme-
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diates that are capable of altering mesangial cell HK
activity in vivo, however, are not known.

The neutral serine protease a-thrombin (thrombin) is
a potent mesangial cell mitogen and is a known activator
of both PKC [16] and the classic mitogen-activated pro-
tein kinase (MAPK or ERK1/2) pathway [17]. Interest-
ingly, thrombin has also been shown to stimulate Glc
uptake and utilization in platelets [18, 19], which strongly
express the protease-activated receptor type 1 (PAR1)
thrombin receptor [20]. This receptor is proteolytically
activated by thrombin via targeted cleavage of its extra-
cellular NH,-terminus, resulting in a new NH,-terminal
“tethered ligand” capable of receptor activation via an
intramolecular mechanism [20]. PARI is also strongly
expressed by mesangial cells and has been shown to
mediate a number of thrombin’s cellular effects in this
cell type [21, 22], but the effects of thrombin and PAR1
activation on Glc metabolism and on HK activity in
particular have not been described. We therefore tested
the ability of PARI1 activation by thrombin to alter HK
activity in cultured mesangial cells.

METHODS
Reagents

Bordetella pertussis toxin (PTX) was obtained from
Calbiochem (La Jolla, CA, USA), as were the specific
MEK1/2 inhibitor PD98059 and the recombinant hirudin
variant [Lys*/Arg*/Arg”’]-rHV1. Dichloro-1-3-D-ribofur-
anosylbenzimidazole (DRB) was obtained from Fluka
(Milwaukee, WI, USA), and yeast Glc-6-phosphate de-
hydrogenase (G6PDH) was obtained from Boehringer
Mannheim (Indianapolis, IN, USA). All cell culture re-
agents, including serum and additives, were supplied by
GIBCO BRL (Gaithersburg, MD, USA). The hexapep-
tide PAR4 thrombin receptor agonist (GYPGKF) used
in these studies corresponds to the NH,-terminal teth-
ered ligand of proteolytically activated murine PAR4
(MmPAR4*®) and was the generous gift of Dr. Trevor
Walker (University of Edinburgh, Edinburgh, UK). The
corresponding PAR1 hexapeptide agonist (SFLLRN) is
identical to the human PARI-tethered ligand (HsP-
ART1°%%) and was obtained from Advanced ChemTech
(Louisville, KY, USA). All other reagents, including
high-activity bovine a-thrombin, the recombinant leech
hirudin variant [Lys]-rHV2, phorbol 12-myristate 13-
acetate (PMA), phorbol-12,13-didecanoate (PDD), 4a-
phorbol-12,13-didecanoate (4a-PDD), H-7 (1-(5-Isoqui-
nolinesulfonyl)-2-methylpiperazine - HCI), cycloheximide
(CHX), NADP, ATP, and the 14-mer PAR1 agonist
peptide HsPAR1*» (SFLLRNPNDKYEPF), were ob-
tained from Sigma (St. Louis, MO, USA), unless other-
wise noted, and were of the finest quality available.
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Cell culture

Mycoplasma-free SV40 MES 13 (murine mesangial)
cells were obtained from the American Type Culture
Collection (Rockville, MD, USA) at passage 27. These
cells are derived from glomerular explants of SV40 trans-
genic mice and exhibit both biochemical and morpho-
logic features of normal mesangial cells in culture [15, 23].
Cells were maintained in DME:F12 (3:1) medium contain-
ing 6 mmol/L Glc and were supplemented with both 14
mmol/L HEPES and 5% fetal bovine serum. Cells were
routinely grown to confluence in a humidified 37°C/5%
CO, incubator before testing, and all experiments reported
herein were performed between passages 30 and 40 to
minimize the effects of phenotypic variation in continu-
ous culture. Where appropriate, cells were serum-
deprived for 24 hours prior to and during testing. When
inhibitors were employed, cells were typically pretreated
with inhibitor alone for 30 to 60 minutes before testing.

Hexokinase assays

Hexokinase activity was measured as the total Glec-
phosphorylating capacity of whole cell extracts using a
standard GOPDH-coupled assay [24]. In brief, cell lysates
were prepared by a modification of the method of O’Do-
herty et al [25] in 900 mmol/L KCl, 20 mmol/L MgCl,,
10 mmol/L. ethylenediaminetetraacetic acid (EDTA),
11.1 mmol/L monothioglycerol, 0.25% Triton X-100, 10
mmol/L Glec, and 20 mmol/L Tris-HCI, pH 8.1, as de-
scribed previously [15]. Freshly prepared aliquots were
then assayed spectrophotometrically for the Glc- and
ATP-dependent reduction of NADP in the presence of
excess GOPDH (the final assay mixture composition was
1 U/mL G6PDH, 0.5 mg/mL NADP, 6.7 mmol/L. ATP,
7.7 mmol/L MgCl, 4.2 mmol/L Glc, 45 mmol/L KCI, 1
mmol/L. NaH,PO,, 10.6 mmol/L monothioglycerol, 0.01%
Triton X-100, 0.5 mmol/L EDTA acid, and 42 mmol/L
Tris-HCl, pH 8.5). All assays were performed at 25°C
under conditions of linear HK-limited NADPH forma-
tion, and total HK activity, normalized for cellular pro-
tein content, was expressed as the Glc phosphorylation
rate relative to paired unstimulated controls [15].

Extracellular signal-regulated kinases 1 and 2
phosphorylation and activity assays

Extracellular signal-regulated kinases 1 and 2 phosphor-
ylation was evaluated by immunoblot analysis of whole
cell lysates using specific monoclonal antibodies directed
against a common ERK1/2 epitope (total ERK1/2) and
the dual-phosphorylated tripeptide motif of ERK1/2
(phospho-ERK1/2) as described previously [15]. The
corresponding ERK1/2 phosphotransferase activity was
measured by a specific immunopreciptated kinase (IP/
kinase) activity assay using a commercially available kit
(New England BioLabs, Beverly, MA, USA) according
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to the manufacturer’s recommendations. In brief, acti-
vated ERK1/2 immunoprecipitates were prepared from
cell lysates using immobilized monoclonal antibodies di-
rected against dual-phosphorylated (that is, activated)
ERK1/2. Immunoprecipitates were then assayed for the
ability to specifically Ser phosphorylate an Elk-1 fusion
protein in vitro. Total phosphotransferase activity was
assessed by immunoblotting with rabbit polyclonal IgG
specific for phospho-Elk-1 (Elk-1-P) followed by chemi-
luminescent detection using horseradish peroxidase-con-
jugated antirabbit secondary antibodies and the Phototo-
pe®-HRP Western Detection System (New England
BioLabs). An Eagle-Eye® II still videoimaging system
(Stratagene, La Jolla, CA, USA) was employed for auto-
radiogram image acquisition, and analysis of the result-
ing digital images was performed using NIH Image ver-
sion 1.61 software for Macintosh computers (National
Institutes of Health, Bethesda, MD, USA). Control 1P/
kinase assays were routinely performed in parallel using
unstimulated cell lysates with and without the addition
of functional MEK-activated recombinant ERK?2.

Glucose utilization and lactate production assays

Glucose utilization and lactate production were as-
sayed as the net disappearance of Glc and the net accu-
mulation of lactate in the culture medium, respectively.
Cells were routinely tested in defined growth medium
containing 6 mmol/L. Glc and lacking phenol red. At
appropriate time points, medium aliquots were assayed
spectrophotometrically for both Glc and lactate content
via standard enzymatic coupled reactions as described
previously [15]. Glc was assayed by spectrophotometric
monitoring of chromagen formation coupled to Glc oxi-
dase [26], and the lactate assay was based on similar
chromagen formation coupled to lactate oxidase. All
measures of medium Glc and lactate content were per-
formed in the presence of nonlimiting concentrations of
Glc and under conditions of linear net Glc utilization
and lactate accumulation.

Statistical analysis

Data are presented as the mean = SEM of at least
three independent experiments unless otherwise noted.
Statistical comparisons were performed by analysis of
variance (ANOVA) or paired #testing where appro-
priate using a significance level of 95% and StatView 5.0
software for Macintosh computers (SAS Institute, Cary,
NC, USA).

RESULTS
Thrombin increases mesangial cell HK activity in a
time- and dose-dependent manner

Thrombin increased total HK activity in SV40 MES
13 cells in both a time- and dose-dependent manner. As
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Fig. 1. Thrombin increases mesangial cell hexokinase (HK) activity in
a time-dependent fashion. Thrombin (1 U/mL) increased HK activity
approximately 20% within six hours and as much as approximately
50% above basal levels during maximal induction observed between 12
and 24 hours (*P < 0.03). All data are presented as the mean + SEM
for at least four independent measures.

depicted in Figure 1, the maximal HK induction was
observed within 12 to 24 hours of exposure to 1 U/mL
thrombin. Although HK activity began to decline there-
after, the total activity of stimulated cells was still at
least 10 to 15% higher than unstimulated controls at 36
hours (data not shown). As shown in Figure 2, the effect
of thrombin at 24 hours was concentration dependent,
with significant increases in HK activity uniformly ob-
served at thrombin activities >0.001 U/mL (P < 0.05)
and a plateau effect, with increases of as much as 40 to
50% observed between 0.01 and 10.0 U/mL. Preliminary
testing in cultured rat mesangial cells and an SV40-trans-
formed human mesangial (C2M15) cell line that also
exhibits biochemical and morphologic features of normal
mesangial cells in culture [27] yielded similar results
(data not shown). To better understand the molecular
mechanisms underlying these responses, we further char-
acterized the response in SV40 MES 13 cells exposed to
1 U/mL thrombin for 24 hours.

Hirudins inhibit thrombin-induced mesangial cell
HK activity

To evaluate the specificity of thrombin’s effect on mes-
angial cell HK activity, we tested recombinant leech hiru-
dins for the ability to inhibit this effect. These proteins
specifically bind to the active site of thrombin and
thereby inhibit its proteolytic activity. As shown in Fig-
ure 3, the recombinant type 2 hirudin variant [Lys"]-
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Fig. 2. Thrombin exhibits a dose-dependent effect on mesangial cell
HK activity. Thrombin significantly increased total HK activity in cul-
tured mesangial cells exposed to thrombin activities > 0.001 U/mL for
24 hours (*P < 0.05 vs. unstimulated controls). Data are presented as
the mean = SEM for at least four independent measures, and all
thrombin activities are reported in NIH units defined as specific proteo-
lytic activity in a standardized assay relative to a thrombin reference
standard.

rHV2 inhibited thrombin-induced (Fig. 3A), but not
basal (Fig. 3B) HK activity. Another recombinant hiru-
din variant, [Lys®/Arg*/Arg¥]-tHV1, was also tested
with similar results (data not shown), further suggesting
specificity for thrombin.

PAR1 thrombin receptor agonists mimic thrombin’s
effect on HK activity

The PARI1 thrombin receptor activator peptides
HsPAR1%% (SFLLRN) and HsPAR1%% (SFLLRNPND
KYEPF) each correspond to the NH,-terminus of pro-
teolytically activated human PAR1 and have been shown
to specifically mimic the effect of proteolytic PAR1 acti-
vation. As shown in Figure 4, HsSPAR1** mimicked the
effect of thrombin on mesangial cell HK activity. Similar
results were obtained with the hexapeptide agonist
HsPAR1¥¥ (data not shown). In contrast, the PAR4-
activating hexapeptide MmPAR4%%, corresponding to
the murine PAR4-tethered ligand sequence (GYPGKF),
had no significant effect on HK activity. Exposure to 1,
10, 100, 200, or 500 wmol/L MmPAR4%% for 24 hours
resulted in total HK activities that were 93 = 3% (N =
3,P=NS),101 £8% (N =3,P=NS), 102 £ 8% (N =
3, P =NS), 108 = 5% (N = 4, P = NS), and 111 = 9%
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Fig. 3. Hirudins inhibit thrombin-induced (A), but not basal (B), mes-
angial cell HK activity. To assess the specificity of our observations,
we tested the ability of hirudins to inhibit HK induction by 1 U/mL
bovine thrombin. The recombinant type 2 hirudin variant [Lys"’]-rHV2
(rHV?2) inhibited thrombin-induced HK activity in a dose-dependent
fashion (A), whereas basal HK activity remained unaffected (B). The
depicted data represent the mean = SEM of at least four independent
experiments (1P < 0.02 and *P < 0.04 vs. thrombin-stimulated controls).

(N = 3, P = NS) of unstimulated control cells, respec-
tively. In contrast, cells exposed to 1 U/mL thrombin
and tested in parallel increased total HK activity by ap-
proximately 30% (P < 0.05).
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Fig. 4. PAR1 thrombin receptor peptide agonists mimic the effect of
thrombin on HK activity. The specific PAR1 peptide agonist HsSPAR1#%
(SFLLRNPNDKYEPF) increased HK activity in a dose-dependent
manner (i) and fully mimicked the effect of 1 U/mL thrombin (H) at
24 hours (*P < 0.003 and P < 0.04 vs. unstimulated controls). Data
are presented as the mean = SEM for at least three independent
measures. Importantly, the hexapeptide PAR1 agonist HsPAR1
(SFLLRN) also mimicked these effects at 24 hours (data not shown).

Thrombin’s effect on total HK activity
is PTX-insensitive

G-protein—coupled receptors typically activate a single
type of G protein. PARI1, however, is known to couple
with both PTX-sensitive G; and PTX-insensitive G, pro-
teins [22, 28, 29]. We therefore attempted to functionally
characterize the type of G-protein interaction responsi-
ble for mediating activated PAR1’s effect on HK activity.
To this end, we tested the ability of 100 ng/mL PTX to
influence total HK activity at 24 hours. As shown in
Figure 5, continuous PTX exposure had no significant
effect on either basal or stimulated HK activities.

Ser-Thr kinase inhibition attenuates thrombin-induced
mesangial cell HK activity

Thrombin is also a well-known activator of PKC in
cultured mesangial cells, and general Ser-Thr kinase inhi-
bition by H-7 has been shown to inhibit some of the
cellular effects of thrombin in this cell type [30]. We
therefore tested H-7 for the ability to inhibit thrombin-
induced HK activity in cultured mesangial cells. To this
end, we employed H-7 concentrations (25 to 50 pmol/L)
previously shown to be effective in blocking PKC activa-
tion and thrombin action in this cell type without ad-
versely affecting cell viability with prolonged 24-hour
exposure [30, 31]. As shown in Figure 6, 50 wmol/L H-
7 prevented the increase in HK activity by approximately
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70% (P < 0.05), consistent with a postreceptor role for
Ser-Thr kinases such as PKC in mediating this effect.
Basal HK activity was also slightly, albeit significantly,
affected by H-7 at this concentration, suggesting that
Ser-Thr kinase signaling intermediates such as PKC may
also play a small role in the maintenance of basal activity.
These changes were not accompanied by alterations in
the cellular exclusion of trypan blue (data not shown),
suggesting that they are not primarily attributable to
changes in cell viability.

Thrombin increases HK activity via a classic MAPK
pathway-dependent mechanism

We have previously shown that the specific MEK1/2
inhibitor PD98059 is capable of blocking the induction
of HK activity by phorbol esters [15]. We therefore tested
the ability of MEK1/2 inhibition to similarly block HK
induction by thrombin. As demonstrated previously for
phorbol esters, 50 pmol/L PD98059 completely pre-
vented the induction of HK activity by 1 U/mL thrombin
at 24 hours: Total HK activities in the presence or ab-
sence of PD98059 were 102 = 7% and 134 = 8% of
unstimulated control values (P < 0.02), respectively. To
further evaluate the involvement of the classic MAPK
pathway, we also directly tested the ability of thrombin
to activate ERK1/2. Both thrombin and PAR1 peptide
agonists increased ERK1/2 phosphorylation (Fig. 7A)
and activity (Fig. 7B) within five minutes. Cellular PKC
depletion by prolonged (24 hours) exposure to 1 wmol/L
PMA completely inhibited the increases in ERK1/2
phosphorylation (Fig. 7A) and activity (Fig. 7B) ob-
served following thrombin or PAR1 peptide agonist
treatment. As expected, thrombin’s ability to activate
ERK1/2 was also blocked by PD98059 inhibition of
MEK1/2 (data not shown).

Thrombin-stimulated HK activity requires both
ongoing gene transcription and de novo
protein synthesis

We have previously shown that phorbol esters increase
mesangial cell HK activity within 12 to 24 hours via a
mechanism that requires both ongoing gene transcrip-
tion and de novo protein synthesis [15]. To test whether
thrombin-stimulated HK activity exhibits similar re-
quirements, we tested both the general transcriptional
inhibitor DRB and the general translational inhibitor
CHX for the ability to block HsPAR1**-induced HK
activity. As with phorbol esters, both agents completely
prevented the increase in HK activity normally seen fol-
lowing PART1 activation (Table 1). A small, but signifi-
cant, inhibition of basal HK activity was also observed
following a 24-hour exposure to 20 pmol/L DRB, consis-
tent with our previously reported observations [15].
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Increases in total HK activity are accompanied by
increased Glc metabolism

We have also previously shown that the phorbol ester
PMA increases Glc metabolism by cultured mesangial
cells, as measured by net Glc disappearance and lactate
accumulation in the culture medium, and that these
changes temporally correspond to PMA-induced in-
creases in total HK activity [15]. To confirm that throm-
bin-induced changes in total HK activity were also asso-
ciated with changes in mesangial cell Glc metabolism,
we evaluated the effect of thrombin on these parameters.
As shown in Figure 8, both thrombin and the active
phorbol ester PDD mimicked the effect of PMA on
Glc metabolism, whereas the inactive 4a-stereoisomer
of PDD (4a-PDD), which is incapable of activating PKC
[32], did not.

The observed increases in mesangial cell HK activity
are specific for thrombin

Finally, we tested the ability of other activators of
PKC to mimic the effects of phorbol esters and thrombin
on mesangial cell HK activity. The vasoactive peptides
angiotensin II (Ang II) and endothelin-1 (ET-1) are po-
tent mesangial cell mitogens that share several common
signaling intermediates with thrombin in this cell type,
including PKC [33]. We therefore tested the ability of
both Ang II and ET-1 to influence total HK activity in
cultured mesangial cells. Interestingly, both Ang II and
ET-1 failed to mimic the effects of thrombin or PAR1
peptide agonists on HK activity. In fact, 24-hour expo-
sure to 0.1, 1, 10, 100, 200, 500, or 1000 nmol/L ET-1
resulted in total HK activities 96 = 5% (N = 4, P =
NS), 103 £ 10% (N = 4, P = NS), 99 = 10% (N = 4,

+ SFLLROI>I
(HSPAR15 55) four independent experiments. Symbols are:
100 umol/L (W) -PTX; (%) + 100 ng/mL PTX.
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Fig. 5. PAR1-mediated HK induction by
thrombin is not pertussis toxin (PTX) inhibit-
able. Total HK activity was increased in mes-
angial cells stimulated by either thrombin
(1 U/mL) or the hexapeptide PAR1 agonist
HsPARD" (SFLLRN; 100 pmol/L) for 24
hours (*P < 0.05 vs. unstimulated controls).
The presence of 100 ng/mL PTX had no sig-
nificant effect (P = NS) on either stimulated
or unstimulated HK activities. The depicted
data represent the mean = SEM of at least

P =NS),110 = 6% (N =5, P = NS), 104 £ 16% (N =
3, P =NS),98% (N = 1), and 93% (N = 1) of control
values, respectively. Similarly, cells exposed to 1 nmol/L
or 1 pmol/L Ang II for 24 hours resulted in HK activities
that were 104 = 3% (N = 3, P = NS) and 117 = 3%
(N = 4, P = NS) of unstimulated controls, respectively.
Control cells exposed to 1 pumol/L PMA and evaluated
in parallel uniformly increased HK activity as described
previously [15].

DISCUSSION

In addition to its central role in hemostasis, thrombin
regulates a number of important cellular responses to
vascular injury, including cell growth, cell migration, and
matrix accumulation. Although best characterized in
platelets [34, 35] and in vascular endothelial cells [36],
thrombin’s cellular actions have been demonstrated in
a variety of other cell types [37-40], including glomerular
mesangial cells [30, 33, 41-43]. These diverse cellular
effects require thrombin’s proteolytic activity and are
largely mediated by specific interaction with one or more
recently identified members of the protease-activated re-
ceptor family (PARs). In addition to being a potent mes-
angial cell mitogen [30, 41, 44], thrombin has also been
shown to alter a number of important mesangial cell
functions such as contraction [44], prostaglandin E, pro-
duction [44], and expression of both tissue-type plasmin-
ogen activator and plasminogen activator inhibitor 1 [30].
The G-protein—coupled heptaspanning PAR1 thrombin re-
ceptor is strongly expressed in mesangial cells [21, 22]
and mediates a number of these effects [30, 33, 41, 44—46].

The present demonstration of thrombin-induced HK
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Fig. 6. H-7 inhibits thrombin-induced mesangial cell HK activity. (A)
H-7 inhibited thrombin-induced HK activity at 24 hours in a dose-
dependent fashion and at concentrations known to inhibit PKC activity
(*P < 0.05). (B) A smaller, albeit statistically significant, effect was
also observed on basal activity at higher concentrations of H-7. All
data are presented as the mean = SEM of at least four independent
determinations.
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Fig. 7. Thrombin and PAR1 peptide agonists activate ERK1/2 via a
PKC-dependent mechanism. (A) Both total ERK2 and phospho-
ERKI1/2 were detected and quantitated by parallel immunoblot analyses
of lysates prepared from cells exposed to thrombin (1 U/mL) or the
14-mer PARI peptide agonist HsSPAR1*% (SFLLRNPNDKYEPF; 100
wmol/L) for five minutes. Both thrombin and HsSPAR1%% were capable
of increasing the specific phosphorylation of ERK1/2, and these effects
were inhibited by antecedent PKC depletion resulting from prior 24-
hour exposure to 1 wmol/L PMA. (B) Total ERK1/2 activity was also
assayed in whole cell lysates as the ability of dual-phosphorylated
ERK1/2 immunoprecipitates to phosphorylate an Elk-1 fusion protein
in vitro (Elk-1-P). The duplicate, slower migrating band observed in
stimulated cell lysates represents a hyperphosphorylated form of the
Elk-1-P fusion protein. Both thrombin (1 U/mL) and the hexapeptide
PAR1 agonist HsSPAR1"* (SFLLRN; 100 wmol/L) were capable of
increasing ERK1/2 activity within five minutes. Increases in ERK1/2
activity uniformly paralleled increases in ERK1/2 phosphorylation and
were similarly blocked by antecedent PKC depletion. Representative
experiments, repeated at least four times with identical results, are
depicted.

activity represents a previously unreported cellular effect
of this important serine protease on mesangial cells, as
well as a novel mechanism of HK regulation. Thrombin
increased mesangial cell HK activity in both a dose-
and time-dependent manner, and these changes were
accompanied by corresponding increases in net Glc utili-
zation and net lactate accumulation. The ability of re-
combinant leech hirudins—specific inhibitors of throm-
bin’s proteolytic activity—to prevent this increase in HK
activity suggests specificity for thrombin and is compati-
ble with the observation that thrombin’s cellular effects
are largely mediated by proteolytic activation of cell
surface thrombin receptors [22]. The ability of oligo-
peptide PAR1 agonists (for example, HSPAR1** and
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Table 1. Dependence of increased hexokinase (HK) activity following PART1 activation on both ongoing gene transcription and de novo
protein synthesis

No inhibitors

+CHX 10 pg/mL +DRB 20 pmol/L

100%
160 = 14%*

Unstimulated cells
HsPAR1*-simulated cells

97 £2%
81 5%

84 +4%*
105 = 8%"

Total HK activity was measured at 24 hours in cells treated with the PAR1 agonist HSPAR1** in the presence or absence of the general transcriptional inhibitor
dichloro-1-B-D-ribofuranosylbenzimidazole (DRB) or the general inhibitor of translation, cycloheximide (CHX). Paired data from four independent experiments are
presented as mean activities relative to controls = SEM. The inhibitory effects of both CHX and DRB were dose dependent and maximal at the concentrations

depicted above (data not shown).
2P < 0.03 vs. unstimulated controls
"P < 0.04 vs. HsSPAR1“%-stimulated cells
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Fig. 8. Thrombin stimulates mesangial cell glucose (Glc) metabolism.
Thrombin (@; 1 U/mL) increased both net Glc utilization and net lactate
accumulation by cultured mesangial cells (O; control). These changes
were observed between 18 and 24 hours following thrombin treatment
and temporally corresponded to maximal thrombin-induced changes in
total HK activity. Active (l; PDD 100 nmol/L), but not inactive ([J;
4a-PDD 100 nmol/L), phorbol esters were found to mimic these effects
of thrombin, consistent with a role for PKC activation in these changes.
All data are presented as the mean = SEM for at least four independent
experiments.

HsPAR1%%) [43, 45] to mimic this effect suggests speci-
ficity for the PAR1 thrombin receptor.

Three distinct PARs—PAR1,PAR3, and PAR4—that
are specifically activated by thrombin have recently been
cloned and characterized [20, 47, 48]. Of these receptors,
renal expression has been demonstrated only for PARI.
The mechanism of thrombin receptor activation has been
reviewed elsewhere [49]. In brief, targeted cleavage of
each receptor’s extracellular NH,-terminus by thrombin
generates a new NH,-terminal “tethered ligand” that is
capable of specific intramolecular interaction with, and
activation of the receptor. Consistent with this model,

synthetic oligopeptides corresponding to the putative
NH,-terminal tethered ligands of PARI1 [20, 43, 50] and
PARA4 [48] have been shown to mimic thrombin’s effects
in cells expressing these receptors. Thus, the ability of
PARI, but not PAR4, peptide agonists to mimic the
effect of thrombin on HK activity suggests that PAR1
activation is sufficient for thrombin’s effect on HK activ-
ity and that the PAR4 thrombin receptor does not con-
tribute substantially to this effect.

Unlike most G-protein—coupled receptors, which typi-
cally activate a single type of G protein, PAR1 has been
shown to couple with both PTX-sensitive G; and PTX-
insensitive G, effectors [28]. Consistent with these obser-
vations, both PTX-sensitive and PTX-insensitive cellular
effects of thrombin have been demonstrated in mesan-
gial cells and other cell types [22, 29]. The inability of
coadministered 0.1 pg/mL PTX to block the effects of
thrombin or PART1 agonist peptides in our study suggests
that PTX-insensitive effectors such as Gy, Gy,, or G, are
responsible for mediating the effects of PARI1 activation
on HK activity.

We have previously shown that phorbol esters initiate
an immediate chain of signaling events in murine mesan-
gial cells that culminates in increased Glc-phosphorylat-
ing capacity within 12 to 24 hours [15]. This effect re-
quires both PKC and classic MAPK pathway activation,
as well as ongoing gene transcription and de novo protein
synthesis. The corresponding endogenous activators of
the involved signaling pathway(s) in vivo, however, are
unknown. As a known activator of both PKC [16] and
the classic MAPK pathway [17], thrombin represents an
important candidate effector of these changes. In the
present studies, MEK1/2 inhibition by PD98059 abol-
ished both thrombin-induced and PART1 peptide agonist-
induced HK activity, suggesting the involvement of the
classic MAP kinase pathway. The ability of both throm-
bin and PARI peptide agonists to increase ERK1/2 phos-
phorylation and activity is consistent with this interpreta-
tion. The ability of antecedent PKC depletion to inhibit
ERK1/2 phosphorylation and activity also suggests a role
for PKC activation in this process. The demonstration
that general inhibitors of gene transcription and transla-
tion (that is, DRB and CHX, respectively) are similarly
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capable of preventing increased HK activity following
PART1 activation further suggests a related dependence
on ongoing gene transcription and de novo protein syn-
thesis.

Taken together, these findings are consistent with the
hypothesis that phorbol esters and thrombin induce mes-
angial HK activity via a common mechanism involving
the sequential activation of PKC and the classic MAPK
pathway (Raf=MEK—ERK). Given the apparent com-
mon requirement for ongoing gene transcription, it
would also be attractive to speculate that activation of
PKC and ERKI1/2 by phorbol esters or thrombin ulti-
mately results in increased HK gene expression. Three
high-affinity HK isoforms (types I, I, and III) are ex-
pressed in the kidney [51], but their intrarenal expression
patterns and cellular regulation are poorly understood.
Preliminary studies in our laboratory have suggested that
mesangial cells express all three isoforms and HKII ap-
pears to constitute the principal regulated isoform in this
cell type (abstract; Robey et al, J Am Soc Nephrol
10:57A,1999). Both HKII and HKIII are low-abundance
renal isoforms, together accounting for only one third
of the total Glc-phosphorylating capacity of the normal
kidney [51]. Their relative abundance in individual renal
cell types (for example, mesangial cells), however, has
not yet been reported. It is therefore of additional inter-
est that selective increases in these lower abundance
isoforms may also largely account for the increases in
cortical HK activity observed in experimental diabetes
(abstract; Robey et al,J Am Soc Nephrol 10:689A,1999).

Interestingly, thrombin has been shown to mimic some
of the cellular effects of vasoactive peptides such as
ET-1 and Ang II in cultured mesangial cells [33]. SV40
MES 13 cells remain responsive to Ang II [23], and
both thrombin and these vasoactive peptides are known
activators of PKC in this cell type [33]. Thus, the inability
of either 1 pmol/L ET-1 or superphysiologic doses of
Ang II to mimic the effect of thrombin on HK activity
suggests that this effect is specific for thrombin receptor
activation and argues against a general mitogenic re-
sponse.

In conclusion, we have demonstrated that thrombin is
capable of specifically regulating HK activity in cultured
mesangial cells via a PTX-insensitive PAR1-dependent
mechanism that requires both ongoing gene transcription
and de novo protein synthesis. This represents a novel
and previously unreported cellular response to thrombin
receptor activation. The specific mechanisms and the
physiologic (or pathophysiologic) significance of our ob-
servations in vivo are not presently known, but they do
have implications for mesangial cell Glc metabolism in
the setting of renal injury. It is therefore of great interest
that reports of altered HK activity in the adult kidney
have been largely limited to pathological conditions asso-
ciated with renal functional and/or structural abnormali-
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ties. As one of the principal cell types affected in glomer-
ular injury of various etiologies, it would be attractive
to speculate that thrombin plays an important role not
only in mesangial cell Glc metabolism, but also in the
functional and structural changes that accompany injury.
The changes demonstrated herein are comparable in
magnitude to those reported previously in the cortex of
animals with experimental diabetes and are compatible
with such a hypothesized role. Physiologic control of
thrombin’s actions is largely mediated at the level of
active thrombin generation [52], which is markedly in-
creased in the settings of vascular injury [52] and diabetes
[53]. Thus, thrombin’s actions are particularly relevant
to the understanding of metabolic responses to renal
or vascular injury. Our findings also suggest a specific
mechanism whereby cellular energy metabolism may be
coupled to thrombin receptor activation and cellular in-
jury responses. We therefore speculate that HKs may
play a role in either the mediation of or the response to
renal injury and that thrombin may contribute to this
role.

ACKNOWLEDGMENTS

This work was supported, in part, by grants-in-aid from the National
Kidney Foundation of Illinois (R.B.R.) and the American Heart Asso-
ciation of Metropolitan Chicago (R.B.R.), as well as by a VA Merit
Review Award (R.B.R.). Portions of this work were presented in
preliminary form on October 26, 1998, at the 31st Annual Meeting of
the American Society of Nephrology in Philadelphia, PA, USA. The
authors thank Drs. Jose A.L. Arruda and Ashok K. Singh for helpful
discussions and for critical reading of the manuscript. We also gratefully
acknowledge the technical assistance of Ms. Katie Tinich.

Reprint requests to R. Brooks Robey, M.D., Section of Nephrology,
Department of Medicine, UIC College of Medicine, Room 418 W CSN
(M/C 793), 820 South Wood Street, Chicago, Illinois 60612-7315, USA.
E-mail: RBRobey@uic.edu

REFERENCES

1. ANDERsON JW, STowRrING L: Glycolytic and gluconeogenic enzyme
activities in renal cortex of diabetic rats. Am J Physiol 224:930-936,
1973

2. Spiro RG: Search for a biochemical basis of diabetic microangiopa-
thy. Diabetologia 12:1-14, 1976

3. SocHOR M, BAQUER NZ, McLEaN P: Glucose overutilization in
diabetes: Evidence from studies on the changes in hexokinase, the
pentose phosphate pathway and glucuronate-xylulose pathway in
rat kidney cortex in diabetes. Biochem Biophys Res Commun
86:32-39, 1979

4. SocHor M, BAQUER NZ, McLEAN P: Regulation of pathways of
glucose metabolism in kidney: The effect of experimental diabetes
on the activity of the pentose phosphate pathway and the glucuro-
nate-xylulose pathway. Arch Biochem Biophys 198:632-646, 1979

5. BRowNLEE M, CeraMI A: The biochemistry of the complications
of diabetes mellitus. Annu Rev Biochem 50:385-432, 1981

6. SocHOR M, BAQUER NZ, McLEAN P: Glucose over- and underutili-
zation in diabetes: Comparative studies on the change in activities
of enzymes of glucose metabolism in rat kidney and liver. Mol
Physiol 7:51-68, 1985

7. SocHOR M, KUNJjARA S, GREENBAUM AL, McLEAN P: Renal hyper-
trophy in experimental diabetes: Effect of diabetes on the pathways
of glucose metabolism: Differential response in adult and immature
rats. Biochem J 234:573-577, 1986



10.

11.

12.

13.

14.

15.

16.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

Robey et al: Mesangial cell HK regulation by thrombin

. SocHor M, Kunjara S, McLEAN P: Regulation of pathways of

glucose metabolism in the kidney: The activity of the pentose
phosphate pathway, glycolytic route and the regulation of phospho-
fructokinase in the kidney of lean and genetically obese (ob/ob)
mice: Comparison with effects of diabetes. Horm Metab Res
20:676-681, 1988

. Steer KA, SocHor M, GoNzALEZ A-M, McLEaN P: Regulation

of pathways of glucose metabolism in kidney: Specific linking of
pentose phosphate pathway activity with kidney growth in experi-
mental diabetes and unilateral nephrectomy. FEBS Lett 150:494—
498, 1982

SAXENA AK, Srivastava P, BAQUER NZ: Effects of vanadate on
glycolytic enzymes and malic enzyme in insulin-dependent and -
independent tissues of diabetic rats. Eur J Pharmacol 216:123-126,
1992

Dusacu UC, REcanT L: Enzymatic activity of the isolated glomeru-
lus in normal and nephrotic rats. J Clin Invest 39:1364-1371, 1960
Pikis SJ: Hormonal control of hexokinase activity in animal tis-
sues. Biochim Biophys Acta 215:461-476, 1970

Harrt MNE, Varrtora J: Comparison of the effects of physical
exercise, cold acclimation and repeated injections of isoprenaline
on rat muscle enzymes. Acta Physiol Scand 95:391-399, 1975
Costa Rosa LFBP, Cury Y, Curr R: Effects of insulin, glucocorti-
coids and thyroid hormones on the activities of key enzymes of
glycolysis, glutaminolysis, the pentose-phosphate pathway and the
Krebs cycle in rat macrophages. J Endocrinol 135:213-219, 1992
RoBEY RB, Ma J, SaNTOs AVP: Regulation of mesangial cell hexo-
kinase activity by PKC and the classic MAPK pathway. Am J
Physiol 277:F742-F749, 1999

Ha K-S, ExtoN JH: Differential translocation of protein kinase C
isozymes by thrombin and platelet-derived growth factor: A possi-
ble function for phosphatidylcholine-derived diacylglycerol. J Biol
Chem 268:10534-10539, 1993

. DELLA Rocca GJ, vaN BIeseN T, Daaka Y, LuttreLL DK, Lut-

TRELL LM, LEFkowITZ RJ: Ras-dependent mitogen-activated pro-
tein kinase activation by G protein-coupled receptors: Conver-
gence of Gi- and Gg-mediated pathways on calcium/calmodulin,
Pyk2, and Src kinase. J Biol Chem 272:19125-19132, 1997
HeuNeEN HFG, OorscHot V, Sixma JJ, SLot JW, JamEs DE: Throm-
bin stimulates glucose transport in human platelets via the translo-
cation of the glucose transporter GLUT-3 from a-granules to the
cell surface. J Cell Biol 138:323-330, 1997

SorBARA LR, Davies-HiLL TM, KoeHLER-STEC EM, VANNUCCcT ST,
HornNeE MK, Simpson TA: Thrombin-induced translocation of
GLUT3 glucose transporters in human platelets. Biochem J
328:511-516, 1997

Vu T-KH, Hung DT, WHEATON VI, CouGHLIN SR: Molecular
cloning of a functional thrombin receptor reveals a novel proteo-
lytic mechanism of receptor activation. Cell 64:1057-1068, 1991
Xu Y, ZacHArias U, PEraLDI M-N, HE C-J, Lu C, SrAER J-D,
Brass LF, Ronpeau E: Constitutive expression and modulation
of the functional thrombin receptor in the human kidney. Am J
Pathol 146:101-110, 1995

GRANDALIANO G, GEsuaLDO L, ScHENA FP: Thrombin: A novel
renal growth factor. Exp Nephrol 7:20-25, 1999

MacKay K, Striker LJ, ErLior S, PINKERT CA, BRINSTER RL,
STrRIKER GE: Glomerular epithelial, mesangial, and endothelial cell
lines from transgenic mice. Kidney Int 33:677-684, 1988

WiLson JE: Rapid purification of mitochondrial hexokinase from
rat brain by a single affinity chromatography step on Affi-Gel Blue.
Prep Biochem 19:13-21, 1989

O’DoHEeRTY RM, BracY DP, Osawa H, WASSERMAN DH, GRANNER
DK: Rat skeletal muscle hexokinase II mRNA and activity are
increased by a single bout of acute exercise. Am J Physiol 266:
E171-E178, 1994

TRINDER P: Determination of glucose in blood using glucose oxi-
dase with an alternative oxygen acceptor. Ann Clin Biochem 6:24—
27, 1969

SRAER J-D, DELARUE F, HAGEGE J, FEUNTEUN J, PINET F, NGUYEN
G, RonDpEAU E: Stable cell lines of T-SV40 immortalized human
glomerular mesangial cells. Kidney Int 49:267-270, 1996

Huna DT, WonG YH, Vu T-KH, CouGHLIN SR: The cloned plate-
let thrombin receptor couples to at least two distinct effectors to

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

2317

stimulate phosphoinositide hydrolysis and inhibit adenyl cyclase.
J Biol Chem 267:20831-20834, 1992

GRAND RJA, TUrNELL AS, GraBHAM PW: Cellular consequences
of thrombin-receptor activation. Biochem J 313:353-368, 1996
ViLLAMEDIANA LM, RoNDEAU E, HE C-J, MEDCALF RL, PERALDI
M-N, Lacave R, DELARUE F, SRAER J-D: Thrombin regulates com-
ponents of the fibrinolytic system in human mesangial cells. Kidney
Int 38:956-961, 1990

WiLLiams B, ScHrIER RW: Glucose-induced protein kinase C activ-
ity regulates arachidonic acid release and eicosanoid production
by cultured glomerular mesangial cells. J Clin Invest 92:2889-2896,
1993

AxicucHl I, Izumi M, Nacgaraki S: Effects of phorbol ester on
protein kinase C activity and effects of depletion of its activity on
thyrotropin, forskolin, and 8'-bromoadenosine 3',5'-cyclic mono-
phosphate-induced [*H|thymidine incorporation in rat FRTL cells.
J Endocrinol 138:379-389, 1993

Force T, Kyriakis JMJA, BoNVENTRE JV: Endothelin, vasopressin,
and angiotensin II enhance tyrosine phosphorylation by protein
kinase C-dependent and -independent pathways in glomerular
mesangial cells. J Biol Chem 266:6650-6656, 1991

FerreLL JE JRr, MARTIN GS: Platelet tyrosine-specific protein phos-
phorylation is regulated by thrombin. Mol Cell Biol 8:3603-3610,
1988

NAKAMURA S, YAMAMURA H: Thrombin and collagen induce rapid
phosphorylation of a common set of cellular proteins on tyrosine
in human platelets. J Biol Chem 264:7089-7091, 1989
Gospoparowicz D, BRowN KD, BIRbpweLL CR, ZETTER BR: Con-
trol of proliferation of human vascular endothelial cells: Character-
ization of the response of human umbilical vein endothelial cells
to fibroblast growth factor, epidermal growth factor, and thrombin.
J Cell Biol 77:774-788, 1978

CHEN LB, TENG NNH, BucHANAN JM: Mitogenicity of thrombin
and surface alterations on mouse splenocytes. Exp Cell Res 101:41—
46, 1976

REDDAN JR, Dziepzic DC, McGEe SJ: Thrombin induces cell
division in rabbit lenses cultured in a completely defined serum-
free medium. Invest Ophthalmol Vis Sci 22:486-493, 1982
Nakano T, RaiNes EW, ABranaM JA, WENZEL FGI, HIGASHIYAMA
S, KraGgsBrRUN M, Ross R: Glucocorticoid inhibits thrombin-
induced expression of platelet-derived growth factor A-chain and
heparin-binding epidermal growth factor-like growth factor in hu-
man aortic smooth muscle cells. J Biol Chem 268:22941-22947,
1993

McNamara CA, SAremBock 1J, GimpLE LW, FEnTON JW II,
CouGHLIN SR, Owens GK: Thrombin stimulates proliferation of
cultured rat aortic smooth muscle cells by a proteolytically acti-
vated receptor. J Clin Invest 91:94-98, 1993

Snurrz PJ, Knauss TC, MENE P, ABBoup HE: Mitogenic signals
for thrombin in mesangial cells: Regulation of phospholipase C
and PDGF genes. Am J Physiol 257:F366-F374, 1989

Grass WFI, Rampr E, Garont JA, FENTON JWI, KREISBERG JI:
Regulation of mesangial cell adhesion and shape by thrombin. Am
J Physiol 261:F336-F344, 1991

ALBRIGHTSON CR, ZABKo-PorarovicH B, Dytko G, BRyan WM,
HovLE K, Moore ML, StapEL JM: Analogues of the thrombin
receptor tethered-ligand enhance mesangial cell proliferation. Cell
Signal 6:743-750, 1994

ALBRIGHTSON CR, NawmB1 P, ZaBko-PorarovicH B, Dytko G,
Groom T: Effect of thrombin on proliferation, contraction and
prostaglandin production of rat glomerular mesangial cells in cul-
ture. J Pharmacol Exp Ther 263:404-412, 1992

TroYER D, PabpiLrLa R, SMiTH T, KREISBERG J, GLAss WI: Stimula-
tion of the thrombin receptor of human glomerular mesangial cells
by Ser-Phe-Leu-Leu-Arg-Asn-Pro-Asn-Asp-Lys-Tyr-Glu-Pro-
Phe peptide. J Biol Chem 267:20126-20131, 1992

Grass WFI, TrRovER DA, KreisBerG JI: Regulation of mesangial
cell function by thrombin. Semin Thromb Hemost 20:333-338, 1994
IsniHARA H, ConnoLLY AJ, ZENG D, KAHN ML, ZHENG YW, TiM-
MoNs C, Tram T, CouGHLIN SR: Protease-activated receptor 3 is
a second thrombin receptor in humans. Nature 386:502-506, 1997
Xu W-F, ANDERSEN H, WHITMORE TE, PRESNELL SR, YEE DP,
CHING A, GiLBERT T, Davie EW, Foster DC: Cloning and charac-



2318

49.

50.

terization of human protease-activated receptor 4. Proc Natl Acad
Sci USA 95:6642-6646, 1998

CouGHLIN SR: Sol Sherry Lecture in thrombosis: How thrombin
“talks” to cells: Molecular mechanisms and roles in vivo. Arte-
rioscler Thromb Vasc Biol 18:514-518, 1998

VassaLLo RR, KieBer-Emmons T, CicHowski K, Brass LF: Struc-
ture-function relationships in the activation of platelet thrombin
receptors by receptor-derived peptides. J Biol Chem 267:6081-
6085, 1992

S1.

52.

53.

Robey et al: Mesangial cell HK regulation by thrombin

GRrossBARD L, ScHIMKE RT: Multiple hexokinases of rat tissues:
Purification and comparison of soluble forms. J Biol Chem
241:3546-3560, 1966

FentON JWI: Regulation of thrombin generation and functions.
Semin Thromb Hemost 14:234-240, 1988

CERIELLO A, G1acoMELLO R, STEL G, Mo1z E, TaBoGa C, ToNUTTI
L, Pirist M, FALLETI E, BARTOLI E: Hyperglycemia-induced throm-
bin formation in diabetes: The possible role of oxidative stress.
Diabetes 44:924-928, 1995





