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Biochemistry and cell biology of transforming growth 
factor-j3 

Transforming growth factor-p (TGF-/3) is a 
homodimeric peptide having a molecular size of 
25,000 daltons. It was initially characterized and 
purified in 1983 [l-3]. Shortly thereafter, TGF-Pl 
was cloned and its precursor structure elucidated 
[4]. TGF-P is now known to exist in three mammalian 
isoforms (i.e. TGF-Pi, TGF-P2, and TGF-&J, all of 
which exist as latent forms before activation. 
Although it was first discovered for its ability to 
stimulate the growth of fibroblasts in culture, it is 
now clear that TGF-/3 may be an important regulator 
of cellular processes. Thus, its nomenclature is 
outdated and gives a misimpression of the true range 
of actions of this regulatory peptide. 

TGF-/3 is an essentially ubiquitous molecule and 
is found in almost every cell type in the cardiovascular 
system, including cardiac myocytes, arterial and 
venous smooth muscle cells, endothelial cells, and 
fibroblasts, as well as in macrophages, neutrophils, 
and platelets [5]. Thus, TGF-/3 appears to be a 
widely distributed peptide. 

TGF-/l exerts its biological effects following its 
binding to specific membrane receptors on a variety 
of cell types. At present, over 150 cell types bind 
TGF-& mostly in the picomolar range [6]. Some of 
the important biological effects of this multifunctional 
peptide include: (a) enhancement of the synthesis 
of matrix proteins, (b) suppression of release or 
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secretion of proteases, as well as enhancement of 
synthesis of protease inhibitors, (c) stimulation of 
the expression for cell adhesion proteins (e.g. 
integrins), (d) regulation of myogenesis, (e) 
stimulation of osteoblast growth, (f) suppression of 
monocyte function, (g) antagonism of the effects of 
certain cytokines, and (h) promotion of angiogenesis 
[5]. Recently, TGF-P has been characterized as a 
“switch” [7] in that it may mediate the interaction 
of a cell with its environment or with other cells. It 
thus serves as an adaptive mechanism allowing for 
enhanced plasticity of cells. In this regard, TGF-/!l 
can either activate certain processes which are 
inactive, or it can brake other processes which are 
very active. However, additional work remains to 
clarify the precise molecular role of TGF-P in cellular 
processes. 

Pharmacology of TGF-p 

Although TGF-P has been studied intensively in 
isolated cell preparations and in a variety of cultured 
cell systems, very little is known about the acute 
pharmacological effects of this family of peptides. 
Only scattered reports exist on the effects of TGF- 
/3 on components of the circulatory system in uivo, 
although there is a large literature on the effects of 
TGF-/3 on endothelial cells in culture [8]. 

The heart is a rich source of TGF-P [9, lo]; 
however, TGF-P did not exert any inotropic effects 
in cat papillary muscles over a 30-min period (Table 
1). Furthermore, TGF-P did not exert any apparent 
vasoactive effect in isolated cat coronary artery rings 
even in the presence of an intact endothelium (Fig. 
1). Nevertheless, TGF-/3 did exert vasculogenic and 
angiogenic effects indicating chronic effects on the 

Table 1. Lack of inotropic activity of TGF-@ in isolated cat papillary muscles 

A Developed force 
Substance Concentration (mg) Significance 

TGF-/3, 0.2 nM -t-326 NS 
TGF-fi, 2 nM -4+-S NS 
TGF-/S, 20 nM +8+5 NS 
Pentobarbital 200 ,uM -521 ? 63 P < 0.001 

All values are means ? SEM for six muscles. NS = not significant. 
Control resting force = 1.85 2 0.16 g. 
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Cat Coronary Artery Ring8 

ACh 
TGF-p NTG 

4 4 
U-46619 U-466 19 

TGF-f3 2nM +0.7f5.5mg (7) NS 

20nM +2.5f3.0mg (7) NS 

Fig. 1. Representative recordings of isolated cat coronary 
artery rings. Rings were contracted with 100 nM U-46619. 
a thrbmboxane AZ-mimetic, and tested with acetylcholine 
(ACh) at 1. 10. and 100 nM at each dot to demonstrate 
intactness of the endothelium. TGF-[j at 2 and 20 nM did 
not alter vascular tone, whereas nitroglycerin at 200 nM 
and 2000 FM relaxed the ring. At the bottom are tabulated 
results for seven coronary artery rings. NS = not significant. 

vascular endotheiium. Thus, TGF-/j blocks the 
mitogenic effect of fibroblast growth factor (FGF) 
on cultured endothelial cells [ill. TGF-/3 also inhibits 
phorbol ester stimulated migration of endothelial 
cells into collagen gels [12], although in three- 
dimensional matrix structures TGF-p promotes 
organization of endothelial cells into tubular 
arrangements [13]. TGF-b also promotes endothelial 
cell formation of plasminogen activator inhibitor 
[14]. The half-life of the mature TGF-/5’ molecule in 
uiuo is very short [ 151. although it can be extended 
significantly when complexed with its latency- 
associated peptide (LAP) [16]. LAP has been 
isolated and characterized recently [ 17. 181. Clearly. 
the basic pharmacology of TGF-@is in its early stage, 
and there is need for a more complete characterization 
of this important regulatory peptide. 

TGF-/3 IN ISCHEMIA-REPERFUSION 

Ischemia-reperfusion mechanisms 

Severe ischemia of a vascular bed for periods of 
30-90 min followed by reperfusion of the ischemic 
region is known to lead to a severe tissue injury. 
This ischemia-reperfusion injury is will known In 
the heart (i.e. myocardial ischemia-reperfusion) (19, 
201, but occurs in the splanchnic [21, 221, cerebral 
[23] and renal 1241 vasculatures as well. Thus, 
ischemia-reperfusion is interruption of blood flow 
to a vascular bed for a significant period of time, 
followed by an abrupt restoration of blood flow 
sometime later. In the case of myocardial ischemia. 
the reperfusion injury is characterized by an 
extension of necrotic myocardial tissue (i.e. so-called 
infarct extension). In the case of splanchnic ischemia 
and reperfusion, this results in severe hypotension 
and acute circulatory shock of a highly lethal nature 

P21. 
In general, soon after the start of reperfusion, 

endothelial dysfunction of the ischemic vascular bed 
occurs [21,25] followed by a marked neutrophil 
adherence to the endothelium and eventual migration 

into the tissues perfused by that vasculature. The 
initial endothelial dysfunction appears to be due to 

superoxide radicals formed by endothelial cells [2& 
281. The increased superoxide radicals oppose 
the actions of endothelium-derived relaxing factor 
(EDRF) [29-311, now thought to be nitric oxide 
(NO) [32] or a nitrosothiol compound which releases 
NO [33]. Since EDRF, in addition to acting as a 
vasodilator, also inhibits platelet aggregation as well 
as platelet and neutrophil adherence [34.35], 
blockade of NO represents a significant pathological 
event sensitizing the endothelium to subsequent 
neutrophil invasion. 

When activated neutrophils diapedese through the 
endothelium. thev release their own mediators of 
cell injury including oxygen derived free radicals, 
cytokines [e.g. tumor necrosis factor (TNF). ilnd 
interleukin- 1 (IL- I )] and proteolytic enzymes (e.g. 
elastase). These mediators clcarlv aggravate the 
ischemic state and provoke additi&al reperfusion 
injury. the so-called amplification factor of Bulkley 
[21]. In addition. neutrophils can also plug 
microvessels. the so-called “no reflow phenomenon” 
[ 1,2], further contributing to post-reperfusion 
ischemia or maldistribution of blood flow within the 
microcirculation. 

Against this setting. TGF-/j was tated in II rat 

model of myocardial ischemia and reperfusion [36]. 
When rats were subjected to IO min of occlusion of 
the left coronary artery followed by reperfusion. 
they suffered a significant loss of left ventricular 
creatine kinase (CK) activity equivalent to 8.7 * 
0.9 I.U./mg protein. compared to a loss of only 2.3 
t 0.8 I.U./mg protein in sham-operated controls. 
However. when 10 pg of TGF-/i was given 
intravenously 24 hr prior to occlusion, cardiac CK 
10~s was reduced to 3.1 5 0.7 I.U./mg protein (P c 
0.02 from untreated). indicating that post-treatment 
also was effective. When the TGF-/i was giLen 
intravenously at the time of reperfusion. the cardiac 
CK activity was 4.1 ? 0.9 I.U./mg protein (P ( 0.05 
from untreated). These cardioprotective effects of 
TGF-/J, are quite significant, and indicate that post- 

ischemic treatment TGF-0 can be effective in 
myocardial ischemia. One of the interesting findings 
in this study suggesting a potential mechanism of 
protection by TGF-/j was a marked attenuation of 
thoracic cavity fluid and blood levels of TNF (361. 
Since TNF is known to exert a number of 
pathophysiological effects [37] including impairment 
of cndothelial-dcpendcnt \,asodilation [3X]. thih 
bluntin! of TNF suggests an important protective 
mechanism of TGF-/$ corroborating the anti-T?lF 
effects of TGF-/j [39. 301. 

To ascertain the effects of ischemia and l.CiF-/i 
on rndothclial dysfunction. further studies wcrc 
conducted in isolated perfused rat hearth subJected 
to global ischemia for 30 min (i.e. reduction of flo~ 

to 15Q of control) followed by 20 min of reperfuaion 
(i.e. restoration of flow to pre-ischemic control 
Icvels). These rats hearts were perf~wxi under a 
constant flow wjith oxygenated Krehs-Henseleit 
solution in the absence of plasma or blood cell\. In 

this milieu, coronary va\odilator rc\pon\c\ \f ere 
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Fig. 2. Representative recordings of responses of the 
coronary vasculature in constant flow perfused rat hearts. 
Control + vehicle = nonischemic. no TGF-@. Ischemia + 
vehicle = 30min of global ischemia to 15% of control 
coronary flow + 20 min reperfusion, no TGF-@. Ischemia 
+ TGF-6 = 30 min ischemia + 20 min reperfusion + TGF- 
/I (1Opg to rat i.v. 2 hr before ischemia). Arrows indicate 
addition of U-46519 (20OnM). ACh = acetylcholine. 1. 

10, 100, 1000 nM: NTG = nitroglycerin. 

determined to acetylcholine (ACh), an endothelial- 
dependent dilator requiring the release of EDRF to 
produce its dilation, and nitroglycerin (NTG), a 
direct vasodilator not requiring EDRF for its 
vasodilator response 1361. In the presence of an 
intact endothelium. both ACh and NTG fully dilated 
the coronary vasculature (Fig. 2, top panel). 
However, when the endothelium became dys- 
functional or injured, the ACh response was 
attenuated, whereas the NTG response was normal 
(Fig. 2, middle panel). This indicates that myocardial 
ischemia depresses endothelial function specifically. 
and does not impair coronary vascular smooth muscle 
function. The degree of endothelial dysfunction 
appeared to be 65-70s in reperfused ischemic hearts. 
In contrast. 10 pg of TGF-/3 given intravenously 2 
hrprior to ischemia virtually obliterated the ischemia- 
reperfusion-induced endothelial dysfunction (Fig. 
2, bottom panel). Moreover, this endothelial 
protective effect was associated with a reduced 
formation of oxygen-derived free radicals (e.g. 
superoxide radicals) generated immediately upon 
reperfusion 1361. The source of these superoxide 
radicals is probably the coronary endothehum [27. 
281. 

Thus, reperfusion following myocardial ischemia 
results in superoxide formation leading to endothelial 

dysfunction as manifested by a reduced EDRF 
response to ACh and other endothelium-dependent 
vasodilators. TGF-0 appears to markedly inhibit 
superoxide radical formation (it does not scavenge 
superoxide radicals), and in so doing preserves 
endothelial function. This may result in a delay 
or inhibition of neutrophil adherence to the 
endothelium, which would be of great significance 
in the intact animal, and could explain the reduced 
TNF concentration observed in TGF-p-treated 
ischemia-reperfused rats. In this connection, Gamble 
and Vadas [41] have shown that TGF-P inhibits 
neutrophil adherence to endothelial cells. This has 
been confirmed recently [42], and could relate to 
the deactivating effect of TGF-/3 on macrophages 
[43], particularly if a comparable effect were to occur 
in neutrophils. 

The finding that TGF-b protected during myo- 
cardial ischemia is interesting for other reasons. First, 
Eghbali [lo] has shown that immunofluorescence of 
TGF-/3 is intense in the rat heart, particularly around 
blood vessels. Second, Thompson er al. [9] have 
shown that an antibody to TGF-/3, stains intensively 
in rat myocardium, and that this staining decreases 
markedly within 1 hr following coronary ligation. 
However, 24-48 hr following coronary occlusion, 
there is intense staining at the border between 
normal and infarcted tissue. These findings suggest 
a possible role for TGF-P in myocardial infarction. 
Coupled with the results of Lefer er al. [36], TGF- 
/3 would appear to be a potentially useful agent in 
myocardial ischemia. 

TGF-F_P in splanchnic ischemia-reperfusion injury 

Occlusion of the spianchnic arteries which supply 
the gastrointestinal tract (i.e. celiac. superior 
mesenteric, and inferior mesenteric arteries) for 2 hr 
in the cat followed by abrupt reperfusion results in 
a precipitous decline in arterial blood pressure and 
death within 2 hr [22,44]. This circulatory shock 
state is characterized by lysosomal disruption in 
splanchnic viscera, particularly the ischemic pancreas 
and liver [44] resulting in enhanced plasma proteolysis 
and the formation of a myocardial depressant factor 
(MDF) [4.5,46]. Superoxide radicals are also 
an important mediator of splanchnic ischemia- 
reperfusion [47]. Thus, reperfusion of the ischemic 
splanchnic viscera sets into motion the formation 
and release of powerful mediators which overwhelm 
circulatory homeostasis and promote the progression 
of a lethal shock state. 

In a recent series of experiments, TGF-PI was 
tested in a feline model of splanchnic artery occlusion 
(SAO) and reperfusion. This model was uniformly 
lethal in cats (Fig. 3). However, intravenous 
administration of 50 pg/3 kg cat just 5 min prior to 
reperfusion (i.e. after 115 min of ischemia) resulted 
in a significant improvement in survival (Fig. 3). 
Accompanying this improvement in survival was a 
significant attenuation of plasma MDF activity. 
Plasma MDF activity increased from 11 * 3 to 67 
* 8 MDF units/ml in untreated SAO shock cats, 
but increased only from 12 + 3 to 31 * 5 MDF units 
in TGF-P-treated cats. Thus, a marked attenuation 
in the circulating MDF activity was observed in 
response to administration of TGF-/J. Moreover, 



1326 A. M 

80 
m 
z 
05 60 

0 
.z 
2 40 

2 
20 

0 
Cjtlcm SAO sAo+“ehicic S*O+TGF$ 

Fig. 3. Survival rate in cats suhjectcd to sham spianchnic 
artery occlusion (SAO) and reperfusion or SAO t 
reperfusion and given either vehicle or 5O!ig TGF-/3 

intravcnouslv. 

when TGF-/I3 was added to isolated cat papillary 
muscles incubated with high MDF activity, no 
amelioration of the negative inotropic effect of MDF 
was observed, so that the low plasma MDF activity 
in TGF-/3-treated cats could not be attributed to a 
positive inotropic effect of TGF-/j in the presence 
of an MDF-depressed myocardium. Therefore. TGF- 
/I? appeared to prevent the formation or release of 
MDF or to bind it so that it failed to exert its marked 
pathophysiologic effects. 

Additionally, TGF-fl preserved endothelial integ- 
rity in isolated superior mesenteric artery (MA) 
rings taken from cats in SAO shock. Thus, the 
normal vasodilator response of control SMA rings 
to 1 PM ACh was 90 ? 5%; in untreated SAO shock 
this declined to 1X 1. 6% (P < 0.001). However, 
addition of 50 lig TGF-/3 just before reperfusion 
maintained the ACh response at 58 t 6% (P < 0.01 
from untreated SAO cat SMA rings). 

Maintenance of endothelial-dependent vaso- 
relaxation by TGF-@ occurred in the splanchnic as 
well as the coronary vasculature subjected to 
ischemia and reperfuslon, and probably represents 
a fundamentally important mechanism of vascular 
protection by TGF$. Further work is necessary to 
elucidate the full Inechanism of this endothelial 
protective effect of TGF-j3, and to determine 
whether this represents a fundamental cytoprotective 
mechanism representative of other cellular preserving 
effects, or whether it is a unique action of TGF-P 
occurring only in ischemia-reperfusi~n states. 

SUMMARY 

TGF-/3 appears to be an important regulatory 
peptide in cellular physiology. Although all of its 
actions are not presently known, TGF-,!3 functions 
as a cell-switching molecule. In the case of ischemia- 
reperfusion states, TGF-/3 has been shown to exert 
remarkably effective protective effects. These effects 
appear to pertain to preservation of endothelial 
function, particularly to maintenance of EDRF 
formation by the endothelium. The endothelial 
protection may be related to actions of TGF-@ 
opposing the endothelia~-destabilizjng actions of 
both TNF and superoxide radicals. However, other 
important mechanisms will undoubtedly be brought 
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to light with further study of TGF-/I in these 
situations. 
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