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Abstract Collagen IV accumulation is characteristic of

diabetic angiopathy. To test the possible contribution of

GH, we studied its effects on collagen IV production by

human umbilical vein endothelial cells at 5.5 and

16.7 mmol/l glucose. GH (100 ng/ml) markedly increased

collagen IV level in the culture supernatant and in the

insoluble extracellular matrix and cell fraction at both

glucose concentrations. This stimulating effect of GH was

additional to that of high glucose. It was more pronounced

on collagen IV than on total protein synthesis. GH

increased free latent gelatinase activity slightly at normal

and markedly at high glucose. Using GF109203X, a PKC

inhibitor, we observed that high glucose, but not GH,

activated PKC. These two factors stimulating collagen IV

production appear to work through different pathways,

favoring an additivity of their effects. This supports the

contribution of high plasma GH in diabetic vascular

basement membrane thickening.
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Abbreviations

APMA p Aminophenylmercuric acetate

BM Basement membrane

EC Endothelial cells

GH Growth hormone

hGH Human GH

bGH Bovine GH

HS Human serum

HUVEC Human umbilical vein EC

JAK2 Janus kinase 2

M199 199 culture medium

PKC Protein kinase C

PKCI PKC inhibitor

Introduction

Irregular thickening of the capillary basement membranes

(BM) is characteristic of diabetic microangiopathy. It is

associated with an accumulation of type IV collagen

(Gubler et al. 1988; Shimomura and Spiro 1987). Retinal

(Hayakawa et al. 1990) and glomerular (Danne et al. 1993)

capillary endothelial cells (EC) synthesize type IV collagen.

An increase in type IV collagen content of the aortic wall was

also reported in diabetic macroangiopathy (Rasmussen and

Ledet 1993).

Chronic hyperglycemia is recognized as a major factor

for the development of microangiopathy. However, good
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glycemic control does not always prevent progression of

microangiopathy and the severity of this progression varies

among individuals (Ramsay et al. 1988; The Kroc Col-

laborative Study Group 1988). This suggests that other

factors might be involved in the pathogenesis of diabetic

angiopathy. Human growth hormone (GH) might be one of

these factors.

The improvement of a severe proliferative retinopathy in

a diabetic woman following an accidental hypophysectomy

was reported by Poulsen (1953). A link between GH and

diabetic retinopathy was suggested by Lundbaek et al.

(1970): they insisted on raised plasma levels in juvenile

diabetes and on the persistence of abnormal GH response

to exercise even in well-controlled diabetics. Hypophy-

sectomy could reverse or slow down the progression of

proliferative retinopathy (Kohner et al. 1976). This rela-

tionship was often suggested but has been the subject of

controversy (Ballintine et al. 1981; Rabin et al. 1984).

Rymaszewski et al. (1991) showed that GH stimulated

proliferation of human retinal microvascular EC in vitro,

but only in the presence of serum. The effect of GH on EC

is not only proliferative. Ledet and Heickendorff (1985)

reported increased synthesis and decreased degradation of

arterial BM-like material secreted in rabbit aortic myo-

medial cell cultures, when GH was added.

The effects of GH on cell metabolism are known to be

mediated principally by tyrosine kinase activation, through

JAK2 associated to its receptor, but also by other signaling

pathways (Brooks and Waters 2010; Lanning and Carter-

Su 2006). Protein kinase C (PKC) activation appeared to be

involved in GH action on isolated rat hepatocytes, adipo-

cytes, proadipocytes and lymphoma cells (Clarkson et al.

1995; Gaur et al. 1996; Horn et al. 1994; Nivet et al. 1993;

Smal and De Meyts 1989).

We had previously shown that the increase in type IV

collagen production by human EC cultured in high glucose

was linked to PKC activation since it was prevented by a

specific PKC inhibitor (PKCI) (Grigorova-Borsos et al. 1996).

The aim of this study was to answer the following

questions:

• does GH act on type IV collagen production by human

EC in culture?

• does high glucose concentration modify this possible

effect of GH?

• is an activation of PKC implicated in the eventual

effects of GH, as it was shown to be implicated in the

effects of high glucose (Grigorova-Borsos et al. 1996)?

If it is not the case, this would allow additivity of GH

and high glucose effects mediated by different

pathways.

We used recombinant hGH and human umbilical vein

EC (HUVEC), known to secrete type IV collagen into a

BM-like matrix in culture (Jaffe et al. 1976; Kramer et al.

1985). We measured the soluble type IV collagen secreted

into the culture supernatant and the insoluble type IV

collagen accumulated in the extracellular matrix and cell

fraction. For comparison we evaluated total protein syn-

thesis by determining proline incorporation in the proteins

of the supernatant and in the matrix and cell fractions.

Besides, we studied gelatinase activity (GA) in the culture

supernatant. We had shown indeed by gelatin zymography

that HUVEC produced almost exclusively a 72 kDa gela-

tinase (Grigorova-Borsos et al. 1996), which is known to

degrade type IV collagen (Woessner 1991). In order to

compare the contribution of PKC activation in the effects

of high glucose and GH on type IV collagen metabolism in

HUVEC, we treated EC by a specific PKC inhibitor

(PKCI), bisindolylmaleimide (GF109203X). This PKCI,

which targets the ATP-binding site of the catalytic domain,

was reported to equally inhibit the four PKC isotypes tes-

ted—a, b1, b2 and c—in vitro, displaying no activity

against protein kinases other than PKC (Toullec et al.

1991); it was later shown to inhibit PKCq (Wu et al. 2010).

HUVEC are known to express a, b1, b2, e and f PKC

isotypes (Mattila et al. 1994) and also q isoform (Holmes

et al. 2010). Activation of PKC isoforms a, b1, b2 and q
has been implicated in endothelial cell dysfunction in

diabetes through an increased synthesis of their activator

diacylglycerol consecutive to inhibition of GAPDH dehy-

drogenase (Du et al. 2003; Geraldes and King 2010).

Materials and methods

HUVEC cultures

HUVEC were isolated and cultured by the procedure

described by Jaffe et al. (1976) for the study of BM syn-

thesis, slightly modified (Bakillah et al. 1996). All exper-

iments were performed in primary cultures, after the

beginning of confluence which had been achieved in 199

culture medium (M199, 1 ml/well) with 10% human serum

(HS).

Effectors and treatment

The effectors were added at the beginning of confluence for

a 3-day treatment either (i) in 1 ml serum-free M199

(containing 5.5 mmol/l glucose) supplemented with 3 g/l

lactalbumin hydrolysate (Gibco, Uxbridge, England) and

35 mg/l human serum albumin (Sigma, St Louis, Missouri)

as serum substitute, or (ii) in 1 ml M199 with 5% HS.

These two culture media were compared since we had

observed that the EC produce more type IV collagen in

serum-free medium than in medium with serum, at the
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standard 5.5 mmol/l or the high 16.7 mmol/l glucose

concentration (Grigorova-Borsos et al. 1996). Besides,

when HS was used, the amount of immunoreactive type IV

collagen present in serum had to be subtracted in the

ELISA (Grigorova-Borsos et al. 1996). GA could only be

measured in serum-free medium because of the inhibitors

present in HS.

D-Glucose (Sigma) was added to the culture medium for

the high glucose condition, at a final level of 16.7 mmol/l.

Recombinant human growth hormone (Maxomat,

CHOAY, France) was dissolved in distilled water (2 IU/ml

or 0.74 mg/ml containing 22 mg/ml alanine). Then it was

diluted in the culture medium to obtain 1, 10 and 100 ng/ml

final hGH concentrations. GH solutions (20 ll) were added

daily to the culture supernatants during 3 days.

GF109203X (a gift from J. Kirilovsky, Glaxo, France)

was first dissolved in dimethyl sulfoxide at 5 mmol/l, then

diluted in M199. The final 2.5 lmol/l concentration used

was chosen as the most efficient on type IV collagen

overproduction at high glucose concentration, with mini-

mal cytotoxicity (Grigorova-Borsos et al. 1996).

Extracellular and cellular fractions

Culture supernatants were collected at 3-day intervals and

frozen at -20�C until used. The cells were counted with a

Malassez hematocytometer. Collagen was quantitatively

extracted from the insoluble extracellular matrix and cell

fraction according to Kramer et al. (1985) with slight

modifications (Bakillah et al. 1996).

Type IV collagen assay

Type IV collagen was determined by a two-step ELISA

developed in our laboratory (Bakillah et al. 1996). When

5% HS was used in the culture medium, the amount of

immunoreactive type IV collagen present in serum was

subtracted.

[14C]Proline incorporation into the total proteins

synthesized by EC

[14C]Proline incorporation into the total proteins present

either in the culture supernatant or in the insoluble extra-

cellular matrix and cell protein fraction was measured after

3-day incubation with 0.2 lCi/ml [14C]proline, as previ-

ously described (Grigorova-Borsos et al. 1996).

Gelatinase activity

GA was determined in serum-free M199 according to

Grigorova-Borsos et al. (1996) with and without previous

dissociation from tissue inhibitors of matrix proteinases

(TIMPs), evaluating either total or only free GA. Imme-

diately active gelatinase was measured without APMA

activation. Latent GA was disclosed only after APMA

activation.

Expression of results and statistical analysis

The values presented are generally means of four culture

wells ± SEM. Results concerning type IV collagen or total

proteins are generally expressed per well (or ml), corre-

sponding to the same number of cells present at the

beginning of the treatment. When the number of cells

varied after treatment, it was also of interest to evaluate

the protein produced per 104 cells present at the end of the

treatment. Comparison of two means was done by the

Student t test or the non-parametric Mann–Whitney’s

U test. Multiple comparisons were carried out by one-way,

two-way or three-way analysis of variance, followed by the

Bonferroni Student’s t test using the residual variance. The

significance threshold retained was p \ 0.05.

Results

GH and glucose levels in the culture medium

After 3 days of culture in a serum-free medium, the GH

concentration measured by immunoradiometric assay was

found to be 77, 8 and 0.68 ng/ml in media where 100, 10

and 1 ng/ml had been added, respectively, every day. In the

experiments where HS was added to culture medium, it

contained a negligible amount of GH (0.1 ng/ml, before

dilution).

After 3 days of culture in a serum-free medium, the

glucose concentrations measured by the glucose oxidase

procedure were found to be 16.5 ± 0.5 and 3.9 ± 0.1

mmol/l for the 16.7 and 5.5 mmol/l starting levels,

respectively.

Effect of GH and glucose on HUVEC number: dose–

response study

Figure 1a shows the effect of increasing concentrations of

GH on the number of cells at day 11 of culture, without

serum (Experiment I). At 5.5 mmol/l glucose, the cell

number increased moderately with GH concentration: a

significant regression of cell number to log (GH) was

observed (r = 0.51, p = 0.03); at 100 ng/ml GH, the

increase was of 13.5% (p = 0.05). At 16.7 mmol/l glucose,

no significant effect of GH on the cell number was

observed (r = 0.34; p = 0.20).

High glucose decreased moderately the number of cells

at the different GH concentrations at day 11 without serum:

GH, collagen and endothelial cells 699
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the decreases were, respectively, of -9% (p \ 0.30),

-15% (p \ 0.05), -15% (p \ 0.05) and -17% (p \ 0.02)

at 0, 1, 10 and 100 ng/ml GH, respectively.

Effect of GH and glucose on type IV collagen

production: dose–response study

In the absence of serum, GH increased the amount of type

IV collagen secreted into the culture medium or accumu-

lated in the extracellular matrix and cells, only at the

highest concentration of 100 ng/ml (Fig. 1b, c). At the

standard 5.5 mmol/l glucose concentration, GH increased

type IV collagen produced per well by 51% (p \ 0.001)

and 112% (p \ 0.001) in the culture supernatant and in the

matrix and cell fraction, respectively. At the high

16.7 mmol/l glucose concentration, GH increased type IV

collagen produced per well by 61% (p \ 0.001) and 148%

(p \ 0.001), respectively. If collagen production was

expressed per 104 cells, the increases were ?33%

(p \ 0.05) and ?87% (p \ 0.001), in the culture super-

natant and in the matrix and cell fraction, respectively, at

5.5 mmol/l glucose; they reached ?60% (p \ 0.001) and

?135% (p \ 0.001) in the culture supernatant and in the

matrix and cell fraction, respectively, at 16.7 mmol/l

glucose.

In the absence of GH, high glucose increased moder-

ately but insignificantly the amount of type IV collagen

secreted into the culture medium or accumulated in the

extracellular matrix and cells (?18%, p = 0.10 and ?32%,

p = 0.10, respectively, when expressed per well; ?29%,

p \ 0.10 and ?44%, p \ 0.20, respectively, when

expressed per 104 cells. In contrast, at 100 ng/ml of GH,

high glucose increased very significantly the amount of

type IV collagen measured per well in the culture super-

natant (?26%, p \ 0.01) and in the matrix and cell fraction

(? 54%, p \ 0.001), also when expressed per 104 cells

(?49%, p \ 0.001 and ?82%, p \ 0.001, respectively).

Thus the effects of GH and glucose appeared to be

additional. Further experiments were conducted only with

the effective 100 ng/ml GH concentration. In Experiment

II (Fig. 2) carried out without serum, in the presence and

absence of 100 ng/ml GH, the additivity of high glucose

and GH effects was confirmed particularly clearly when

expressing these effects as absolute changes in total type

IV collagen content (culture medium supernatant plus

extracellular matrix and cells, see Fig. 2c): pure high glu-

cose effect (in the absence of GH) was an increase of

31 ± 7 ng/well (p \ 0.001), pure GH effect (in the

absence of glucose) was ?30 ± 6 ng/well (p \ 0.001),

combined high glucose and GH effect was ?54 ± 1 ng/

well (p \ 0;02 vs. high glucose alone; p \ 0;02 vs. GH

alone).

Fig. 1 Effect of different concentrations of hGH on HUVEC

proliferation (a) and on type IV collagen secreted in the culture

supernatant (b) and accumulated in the matrix and cells fraction (c),

studied in Experiment I. GH was added daily from day 8 to 11 to the

culture supernatant containing either 5.5 mmol/l (white squares) or

16.7 mmol/l (black squares) glucose, without HS. Each point

represents the mean of 4 wells ± SEM. Statistical comparisons were

carried out by two-way analysis of variance. Effect of GH (100 ng/ml)

at 5.5 mmol/l glucose: p \ 0.05 for a; p \ 0.001 for b and c. Effect

of GH (100 ng/ml) at 16.7 mmol/l glucose: p \ 0.001 for b and

c. Effect of glucose (between 5.5 and 16.7 mmol/l glucose) for

a p = 0.08, p = 0.06, p = 0.06 and p \ 0.05 at 0, 1, 10 and 100 ng/ml

GH, respectively; for b p = 0.10 in the absence of GH, p \ 0.01 at

100 ng/ml GH; for c p = 0.10 in the absence of GH, p \ 0.001 at

100 ng/ml GH
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Effect of GH on total protein synthesis: dose–response

study

This study was carried out during Experiment I, in the

absence of serum (Table 1).

Proline incorporation into the total proteins present

in the culture supernatant

At 5.5 mmol/l glucose, the different GH concentrations

tested had no effect on proline incorporation into the total

proteins present in the culture supernatant. At 16.7 mmol/l

glucose, GH increased proline incorporation into the total

proteins present in the culture supernatant only at the

highest level of 100 ng/ml: ?20% (p \ 0.001) when

expressed par dpm/well or ?14% p \ 0.001) when

expressed per dpm/104 cells.

Proline incorporation into the total proteins

of the insoluble matrix and cell fraction

At 5.5 mmol/l glucose, a very significant dose effect of GH

was observed for proline incorporation into the total pro-

teins of the insoluble matrix and cell fraction: the increases

in proline incorporation were ?39% (p \ 0.05), ?57%

(p \ 0.01) and ?71% (p \ 0.001) at 1, 10 and 100 ng/ml,

respectively, when expressed in dpm/well; ?36%

(p = 0.05), ?42% (p \ 0.05) and ?51% (p \ 0.02) at 1,

10 and 100 ng/ml, respectively, when expressed in dpm/

104 cells. At 16.7 mmol/l glucose, without GH, a marked

high glucose-induced increase in proline incorporation was

observed: ?53% (p \ 0.01) when expressed in dpm/well

or ?67% (p \ 0.005) when expressed in dpm/104 cells. At

16.7 mmol/l glucose, an effect of the hormone was found

only at 100 ng/ml: ?25% (p \ 0.05) when expressed in

dpm/well, ?18% (p = 0.10) when expressed in dpm/104

cells.

Proline incorporation into the total proteins present

in the whole culture well (supernatant plus insoluble

matrix and cell fraction)

Effect of GH Significant increases in total protein synthesis

were observed only at 100 ng/ml GH at 5.5 mmol/l glucose

(?20.4%, p \ 0.01) and 16.7 mmol/l glucose (?22.0%,

p \ 0.001) when expressed in dpm/well.

High glucose effect In the absence of GH, an insignifi-

cant increase of 9.0% in dpm/well was observed; at

100 ng/ml GH, a significant increase of 10.4% was noted

(p \ 0.05), showing an additivity of 100 ng/ml GH and

high glucose effects of 30.8% (10.4% ? 20.4%).

Fig. 2 Effects of hGH (100 ng/ml), glucose and GF190203X, a

PKCI, on type IV collagen levels in the supernatant (a) or in the

matrix and cell fraction (b) of HUVEC cultures in Experiment II. The

change in total type IV collagen content presented in (c) has been

calculated by adding individual a and b values, then subtracting the

control total content found at 5.5 mM glucose, in the absence of GH

and PKCI. The cells were incubated for 3 days (day 8–11) in the

presence of 5.5 or 16.7 mmol/1 glucose, without (white rectangles) or

with (hatched rectangles) GH 100 ng/ml, in the absence of serum.

Each result is the mean of 4 wells ± SEM. Statistical comparisons of

the changes in total type IV collagen content were carried out by

three-way analysis of variance. Effect of GH: F = 33.3, p \ 0.001;

comparisons between GH-treated and untreated cells: at 5.5 mmol/1

glucose, p \ 0.005 and p = 0.05 in the absence or in the presence of

PKCI, respectively; at 16.7 mmol/1 glucose: p \ 0.02 and p \ 0.005

in the absence or in the presence of PKCI, respectively. Effect of

glucose: F = 13.4, p = 0.001; comparisons between 5.5 and

16.7 mmol/1 glucose: p \ 0.001 without GH and PKCI, p \ 0.02

with GH and without PKCI. Effect of the PKCI: F = 5.68,

p = 0.025; comparisons between PKCI-treated and untreated cells:

NS at 5.5 mol/1 glucose, p \ 0.01 at 16.7 mmol/1 glucose without

GH, p \ 0.05 at 16.7 mmol/1 glucose with GH. Significant interac-

tion was found only between PKCI and glucose (F = 7.68,

p = 0.01). The numbers of cells in this experiment were:
11.72 ± 0.43, 12.32 ± 0.69, 11.62 ± 1.00, and 11.57 ± 0.75 9

104/well for 5.5 mmol/1 glucose, 5.5 mmol/1 glucose ? GH,

5.5 mmol/1 glucose ? PKCI and 5.5 mmol/1 glucose ? GH ?

PKCI, respectively; 9.90 ± 0.73, 10.20 ± 0.69, 10.62 ± 0.48 and

9.55 ± 0.67 9 104/well for 16.7 mmol/1 glucose, 16.7 mmol/1 glu-

cose ? GH, 16.7 mmol/1 glucose ? PKCI and 16.7 mmol/1 glu-

cose ? GH ? PKCI, respectively, with a significant glucose effect

(F = 12, p \ 0.002), without GH or PKCI effects

GH, collagen and endothelial cells 701
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Influence of human serum on the effects of GH

Normal HS contains immunoreactive type IV collagen

antigens. In the study presented here, M199 with 5% HS

contained 26 ng/ml type IV collagen. This amount was

subtracted from the levels measured by ELISA in the

culture supernatants with HS. Besides, HS brought a neg-

ligible amount of GH (0.1 ng/ml before dilution). In order

to determine whether the presence of serum influences the

effects of GH, the cells were grown in the presence or

absence of 5% HS, with or without 100 ng/ml of GH, at

5.5 mmol/l glucose, from day 8 to day 11. This study was

simultaneous and complementary to Experiment I descri-

bed in Fig. 1; Tables 1, 2.

The numbers of cells were increased in the presence of

HS, with or without GH, when compared with the

respective control wells lacking serum (p \ 0.001) with or

without GH. No stimulatory effect of GH on cell prolif-

eration was observed in the presence of HS (Table 2).

No significant stimulatory effect of GH on type IV

collagen production was observed in the presence of HS. In

contrast, in the absence of HS, type IV collagen levels were

increased in the culture medium and in the matrix and cells,

more markedly in the presence of GH (p always \0.005)

than in the absence of GH (p only significant when

expressed per 104 cells.

No effect of GH on total protein synthesis was seen in

the presence of HS.

Table 1 Dose-effect of hGH on [14C] proline incorporation into the total proteins of the different compartments at two glucose concentrations in

a serum-free medium (dpm/well; means ± SEM, n = 4) in Experiment I

Glucose (mmol/l) Compartment hGH (ng/ml)

0 1 10 100

5.5 Matrix and cells 2,095 ± 302 2,910 ± 350* 3,281 ± 291** 3,577 ± 150**

Supernatant 5,864 ± 85 5,432 ± 90 5,615 ± 168 6,010 ± 305

Total 7,959 ± 379 8,342 ± 432 8,896 ± 357 9,587 ± 228**

16.7 Matrix and cells 3,206 ± 121 3,720 ± 507 3,412 ± 369 3,994 ± 165*

Supernatant 5,468 ± 176 5,745 ± 173 5,580 ± 67 6,586 ± 81***

Total 8,674 ± 130 9,465 ± 792 8,992 ± 340 10,580 ± 242***

The cell numbers are shown in Fig. 1

* p \ 0.05; ** p \ 0.01; *** p \ 0.001 versus appropriate control without GH. Significant values of means are in bold, SEM in standard types

Table 2 Influence of human serum (5%) and hGH (100 ng/ml) on

HUVEC proliferation, total protein synthesis and Type IV collagen

secretion into the culture medium or accumulation in the extracellular

matrix and cell fraction, at 5.5 mmol/l glucose concentration

(means ± SEM, n = 4), in Experiment I

Cell count

(910-4)

[14C] Proline incorporation in total proteins Type IV collagen

Supernatant Matrix and cells Supernatant Matrix and cells

dpm/well dpm/104

cells

dpm/well dpm/104

cells

ng/well ng/104 cells ng/well ng/104 cells

1. HS?/GH- 10.97 ± 0.05 8,590 ± 451 759 ± 54 8,100 ± 427 710 ± 37 97.2 ± 1.6 8.86 ± 0.54 17.65 ± 3.0 1.61 ± 0.14

2. HS?/GH? 11.40 ± 0.59 8,084 ± 310 736 ± 28 7,931 ± 690 728 ± 63 105.5 ± 7.2 9.25 ± 0.80 23.54 ± 2.2 2.05 ± 0.14

3. HS-/GH- 6.45 ± 0.27 5,849 ± 62 907 ± 10 2,095 ± 302 325 ± 47 99.8 ± 14.3 15.48 ± 1.99 26.75 ± 4.0 4.15 ± 0.60

4. HS-/GH? 7.32 ± 0.44 6,010 ± 153 821 ± 20 3,577 ± 150 489 ± 20 150.7 ± 5.3 20.59 ± 1.83 56.71 ± 11.0 7.74 ± 1.46

Statistical comparisons

Effect of serum

p (1 vs. 3) <0.001 <0.001 <0.01 <0.001 <0.001 \0.80 <0.01 \0.40 <0.005

p (2 vs. 4) <0.001 <0.001 \0.10 <0.001 <0.001 <0.001 <0.001 <0.005 <0.001

Effect of GH

p (2 vs. 1) \0.50 \0.20 \0.70 \0.70 \0.70 \0.30 \0.90 \0.60 \0.50

p (4 vs. 3) =0.05 \0.30 0.005 <0.01 <0.02 <0.001 <0.05 <0.001 <0.02

Significant values of means in upper part are in bold, SEM in standard types. The significant levels of significance in the lower part are in bold italic types, the

nonsignificant levels in standard types
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Effect of GH and glucose on gelatinase activity

of the culture supernatant

No effect of GH was observed on total gelatinase activity

(after dissociation of TIMPs and APMA activation), either

at 5.5 or 16.7 mmol/l glucose.

In contrast, the hormone increased the free latent GA

(measured before dissociation of TIMPs and after APMA

activation), slightly at 5.5 mmol/l glucose (?25%,

p = 0.10) but very markedly at 16.7 mmol/l glucose

(?108%, p \ 0.001) (Fig. 3). In the absence of GH, the

free latent GA was moderately diminished by high glucose

alone (from 1.8 to 1.0 U/ml; p = 0.07), in agreement with

our previous results which had shown a decrease of free

GA from 1.8 to 1.2 U/ml (Grigorova-Borsos et al. 1996).

Before activation by APMA, immediately active free

GA was very low, barely detectable as previously, and was

not modified by glucose or GH.

Effect of GF109203X on type IV collagen production

in the presence of GH and glucose

In the absence of GH, PKCI had no effect on type IV

collagen level in the culture supernatant or in the matrix

and cell fraction at 5.5 mmol/l glucose, in Experiment II

(Fig. 2); it reduced the total increase in total type IV col-

lagen production induced by high glucose from ?31.5 to

?5.8 ng per well (p \ 0.01).

In the presence of GH and 5.5 mmol/l glucose, the PKCI

did not significantly correct the increase in total type IV

collagen production induced by the hormone (?25.0 vs.

?29.9 ng/well). In the presence of GH and 16.7 mmol/l

glucose, there was only a partial effect of the PKCI on the

additive increase in total type IV collagen production,

which was diminished from ?52.5 to ?34.9 ng/well

(p = 0.07).

For what concerns the number of cells, a significant

decrease by glucose alone was observed and a slight but

insignificant increase by GH alone; no significant effect of

PKCI was found (see legend of Fig. 2).

Effect of PKCI on free latent gelatinase activity

in the presence of GH and glucose

In the absence of GH, the PKCI corrected the decrease in

free latent GA induced by high glucose (p \ 0.001)

(Fig. 3). In the presence of GH and 5.5 mmol/l glucose,

the PKCI diminished free latent GA (p \ 0.001), in

contrast with the slight stimulatory hormone effect. In

the presence of GH and 16.7 mmol/l glucose, there was

no effect of the PKCI on the increase in free latent GA

induced by GH, but the final free latent GA was already

normalized by GH and no further effect of the inhibitor

was found.

Discussion

We investigated the effect of GH on the metabolism of type

IV collagen synthesized by HUVEC in culture for a 3-day

period at the beginning of confluence. GH at 100 ng/ml

markedly stimulated type IV collagen production by cells

cultured in serum-free medium containing either normal or

high glucose concentrations. The stimulatory effects of GH

and high glucose on type IV collagen production appeared

additional. GH increased type IV collagen level in both

culture supernatant fraction and matrix and cell fraction.

GH stimulatory effect was more pronounced on type IV

collagen production than on total protein synthesis by

HUVEC in culture (?51 vs. ?3% increase per well in the

supernatant; ?112 vs. ?71% in the matrix and cell frac-

tion, at 5.5 mmol/l glucose; besides at 16.7 mmol/l glu-

cose, the increase was of 61 vs. 20% per well in the

supernatant; 148 vs. 25% in the matrix and cell fraction).

Free latent GA, unlinked to TIMPs, was increased by GH

in the presence of high glucose. This was either linked to

the general stimulation of protein synthesis, or to a sec-

ondary reaction to the accumulation of type IV collagen

production. Besides, total latent GA was not modified. This

suggests a lower stimulation by GH of TIMP production

than on collagenase production.

Fig. 3 Effect of hGH (100 ng/ml), glucose and the PKCI

GF190203X on free gelatinase activity measured after APMA

activation, in the supernatant of HUVEC cultures in Experiment II.

The cells were incubated for 3 days (day 8–11) in the presence of 5.5

or 16.7 mmol/l glucose, without or with GH 100 ng/ml, in the

absence of serum. Each result is the mean of 4 wells ± SEM.

Statistical comparisons were carried out by three-way analysis of

variance. Effect of GH at 16.7 mmol/l glucose without PKCI:

p \ 0.001. Effects of glucose (between 5.5 and 16.7 mmol/l glucose):

p = 0.07 without GH and PKCI; p \ 0.001 with GH and PKCI.

Effects of the PKCI: p \ 0.001 at 5.5 mol/l glucose with GH and

p \ 0.001 at 16.7 mmol/l glucose without GH. The numbers of cells

are the same as in Fig. 2
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A moderate proliferative effect of GH at 100 ng/ml

was observed on HUVEC in a serum-free medium at

5.5 mmol/l glucose concentration on day 11 in Experiment

I (?13.5%, Fig. 1), whereas in the presence of 5% serum,

no significant proliferative effect of GH was observed

(?4%, Table 2). The slight proliferative effect of GH

observed on HUVEC in a serum-free medium may have

been disclosed under the limiting condition related to the

absence of serum. Rymaszewski et al. (1991) found no

proliferative effect of GH, added to concentrations as high

as 200 ng/ml, on HUVEC cultured either with or without

serum, but observed a proliferative effect on human retinal

EC with serum only. The small variations in GH prolifer-

ative effect could depend on the cell culture confluence

degree (Ohlsson et al. 1992; Rymaszewski et al. 1991). The

subconfluent stage of our cultures could have favored some

detachment of cells while deprived of serum, thus allowing

the GH proliferative effect on the remaining layer. In

serum-free medium cultures with 16.7 mmol/l glucose, GH

had no proliferative effect on HUVEC, as high glucose

antiproliferative effect probably became predominating.

The GH concentration in the culture medium effective

in markedly stimulating type IV collagen synthesis by

HUVEC was 100 ng/ml. The hormone was added every

24 h. This period corresponds approximately to the half-

life of recombinant GH deduced from the hormone levels

that we found in vitro after 3 days of culture (see

‘‘Results’’), whereas the plasmatic half-life of recombinant

hGH, Maxomat, in vivo is much shorter, 2.9 h (Vidal

2009). The absence of significant effect at 1 or 10 ng GH/ml

and the demonstration of a significant effect at 100 ng GH/ml

are suggestive of a contribution of GH in type IV collagen

synthesis in diabetic angiopathy and apparently not in

normal state. Indeed it has been reported that maximal

diurnal GH peaks varied between 13 and 18 ng/ml in

normal subjects, between 25 and 43 ng/ml in type 1 dia-

betic patients (Hansen and Johansen 1970). After 20 min

exercise, GH level did not vary in normal subjects, whereas

it increased to 45.9 ± 10.1 (M ± SEM) with an upper

range of 82.8 ng/ml (M ? 2SD) in newly diagnosed

juvenile diabetic patients (Hansen 1970). In another study,

after 25-min exercise, GH level reached 22 ± 7 ng/ml in

patients with type 1 diabetes of short duration and without

retinopathy, versus 44 ± 8, with an upper range of 83 ng/ml,

in patients with type 1 diabetes of short duration associated

with retinopathy and autonomic neuropathy (Sundkvist

et al. 1984).

Whether human serum should be included in culture

media in order to show a metabolic effect of GH was a

matter of controversy (Rymaszewski et al. 1991). There-

fore, we first chose to carry out HUVEC cultures with and

without serum. No effect of GH was observed either on

type IV collagen and total protein synthesis or on HUVEC

proliferation in culture medium with 5% HS, at 5.5 mmol/l

glucose. This lack of GH effect might be due to the pres-

ence of serum components which could interact with GH,

its receptor or the transduction pathway signals within

cells. In culture medium without serum and without GH,

serum deprivation per se already resulted in an increase in

type IV collagen synthesis by HUVEC. The lack of serum

factors regulating collagen metabolism could be an

explanation: for instance, soluble immunoreactive type IV

collagen antigens present in serum or other circulating

matrix antigens, might inhibit collagen synthesis by bind-

ing to integrins. Indeed, it has been shown that cells grown

on insoluble extracellular matrix secrete less collagen than

cells grown on plastic (Tseng et al. 1983). On the other

hand, type IV collagen-soluble fragments from the NC1

domain of the alpha 3 (IV) chain have been reported to

possess an inhibitory potential on another cell metabolic

activity, namely 92 kDa gelatinase release by polymor-

phonuclear leukocytes in culture (Monboisse et al. 1994).

These different considerations incited us to use serum-free

medium in our main experiments.

Autophagy has been described in cells maintained in

serum-deficient media (Motyl et al. 2007). It is possible

that some degree of autophagy existed here in the endo-

thelial cells when cultured in normal glucose without

serum during 3 days after the beginning of confluence;

however, we found that type IV collagen production was

higher in normal glucose without serum than with 5%

serum. In fact, serum substitute was added, containing 3 g/l

lactalbumin hydrolysate and 35 mg/l human serum albu-

min; the free amino acid content of lactalbumin hydroly-

sate corresponds roughly to the quantity of amino acids of

the proteins present in 5% serum, but the substitute lacks

the various serum hormones and growth factors. High

glucose should inhibit autophagy by supplying the cells

with more energetic substrates. GH was reported to inhibit

autophagy via mTOR (Motyl et al. 2007).

We showed that GH had its own stimulating effect on

type IV collagen synthesis by HUVEC at 100 ng/ml in the

serum-free culture medium at 5.5 or 16.7 mmol/l glucose;

this effect was in addition to the stimulating effect on type

IV collagen synthesis resulting from the lack of serum and

from the high glucose concentration. A stimulating effect

of GH on type I procollagen metabolism has been reported

in cultures of rabbit aortic myomedial cells (Ledet and

Vuust 1980). These results and ours, obtained in vitro,

suggest that GH can influence the metabolism of different

types of vascular collagens. Several factors might then

modulate this role of GH: particularly the GH receptor

number influenced by high GH and glucose levels. Nilsson

et al. (1990) showed that in rat epiphyseal chondrocyte

cultures, the synthesis of GH receptors was increased by

GH, in a time and dose-dependent way. In rat hepatocyte
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cultures, with a glucose-poor medium, Niimi et al. (1991)

observed a decrease in the number of GH receptors; this

effect disappeared when glucose was added. The marked

effect of GH on type IV collagen production that we

observed at 16.7 mmol/l glucose could be explained by an

increase in the number of GH receptors in the presence of

high levels of GH and glucose. The stimulating effect of

high GH level on type IV collagen metabolism of EC could

contribute in the thickening of capillary BM or aortic wall

and in the increase in serum levels of type IV collagen or

7S collagen observed in diabetic patients (Hogemann et al.

1986; Matsumoto et al. 1990).

Concerning the role of PKC activation in the alterations

of type IV collagen metabolism induced by GH or glucose,

we observed that PKCI GF109203X reduced the increase

in total type IV collagen induced by high glucose, but not

that induced by GH. Our results suggest that high glucose,

but not GH, activates the PKC pathway (Table 3).

In high glucose alone PKC activation may be explained

by increased formation of diacylglycerol. PKC signaling

may activate transcription of genes through phosphoryla-

tion of transcription regulatory proteins such as Regulator

of Calcineurin 1.4 which controls nuclear factor NFAT (in

endothelial cells, Holmes et al. 2010) or Activation Tran-

scription Factor-2 which controls c-jun (in F9 cells,

Yamasaki et al. 2009) or possibly Special AT-rich Binding

protein 1 (in T cells, Kumar et al. 2006).

GH in normal glucose has been reported to increase

PKC activity in hepatocytes or adipocytes, but it appeared

here inactive on PKC in HUVEC. GH in normal glucose

induces in HUVEC only PKCI-insensitive signaling which

must implicate GHR. The GHR signaling is known to impli-

cate essentially the classical JAK2 Tyr kinase-dependent

STAT pathway (Brooks and Waters 2010). The GHR JAK2

Tyr kinase-independent signaling—which includes Src/ERK

but also PKC (Brooks and Waters 2010)—seems not to be

implicated.

Combination of high glucose and GH induces an over-

production of collagen by two additive mechanisms shown

here: PKC activation and PKCI-insensitive signaling.

For what concerns GA, only total free GA was increased

by GH in vitro. Thus GH does not increase type IV col-

lagen production by lowering its degradation. In GH-defi-

cient patients, however, GH replacement was recently

reported to lower plasma 92 kDA gelatinase but to a lesser

extent 72 kDA gelatinase (Randeva et al. 2004); the latter

is the gelatinase predominating in EC supernatant (Grig-

orova-Borsos et al. 1996).

The role of GH in diabetic glomerulopathy has been sug-

gested by the study of bGH or bGH antagonist transgenic mice

treated with streptozotocin (Chen et al. 1995). The diabetic

bGH transgenic mice had much more severe glomeruloscle-

rosis than nontransgenic diabetic controls. The diabetic bGH

antagonist transgenic mice were protected from diabetes-

induced nephropathy. Besides in the diabetic mice with severe

glomerulosclerosis, increase in mRNAs of alpha1 IV pro-

collagen and of 72 kDa collagenase was found in the total

glomerulus (Esposito et al. 1996). In another study, diabetic

rats from a genetic GH/IGF-I deficient dwarf strain showed

less albuminuria and glomerular hypertrophy than diabetic

GH/IGF-I intact rats (Gronbaek et al. 1997).

In conclusion, we have shown that GH can induce a

marked increase in type IV collagen production in HUVEC

cultures, additive to the effect of high glucose concentra-

tion. High glucose, but not GH, appears to activate the PKC

pathway. Our results support the hypothesis of a GH con-

tribution in diabetic vascular BM thickening by enhancing

the synthesis of type IV collagen in EC.
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