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Yesterday upon the stair 
I met a man who wasn’t there. 
I met him there again today. 

I wish that man would go away. 

The hypothesis that insulin resistance and compensa- 
tory hyperinsulinemia contribute to the pathogenesis 
of essential hypertension and hypertension in obesity 
has gained enormous interest due in large part to the 
research of Reaven ( l ) ,  Landsberg (2), Ferrannini (3), 
Rocchini (4), DeFronzo ( 5 ) ,  Modan (6), Sowers (7), and 
Tuck (8). 

Stimulated by the hypothesis, in 1989 we began 
studies in humans and rats on the sympathetic and 
vascular actions of insulin in an effort to elucidate 
further mechanisms linking insulin resistance and hy- 
perinsulinemia with hypertension. Based on the previ- 
ous research, we began our work with enthusiasm for 
the hypothesis. However, based on the evidence that 
emanated from our laboratory and others, we quickly 
emerged (9, 10) (along with Brands [ I l l ,  Hall [12-141, 
and Julius [IS]) in publications, presentations, and de- 
bates as skeptics of the hypothesis that insulin resis- 
tance and hyperinsulinemia promote hypertension. 

Several months ago, for reasons that escape us, 
Dr. Landsberg asked us to contribute an article argu- 
ing the affirmative in a Point/Counterpoint on this hy- 
pothesis. Advocates of the insulin hypothesis may 
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rightly argue that asking us to argue the affirmative on 
this hypothesis is like asking a fox to guard the chicken 
coop. We can only reply that we were invited to do so 
by an advocate of the hypothesis. We accepted the 
charge primarily because we continue to encounter 
studies that support this hypothesis (i.e., we continue 
to “meet a man” whom we thought “wasn’t there”) at 
the same time that we confront evidence from our lab- 
oratory and others that seems to contradict the hy- 
pothesis. We believed that reviewing the evidence in 
an effort to argue the affirmative might provide us with 
new insight and help focus our future research and 
perhaps that of others on this topic. We believe-and 
hope the reader agrees-that our impulsive decision 
has been vindicated, because in attempting to recon- 
cile the supportive and contradictory evidence, we 
have concluded that future progress in evaluating the 
insulin hypothesis will require inclusion of the concept 
that there is “sensitivity or resistance” to the blood 
pressure effects of insulin resistance and that genetic 
factors may play a decisive influence in this effect. 

We want to acknowledge here that the evidence 
we cite supporting this concept has derived primarily 
from experiments by others. Our goal in this perspec- 
tive is to emphasize the conceptual significance of this 
evidence in an effort to surmount the impasse between 
those who believe that insulin resistance and hyperin- 
sulinemia generally promote hypertension and those 
who believe they do not. We suggest that an analogy to 
this concept was the introduction of the concept that 
salt sensitivity or resistance may be determined by 
genetic factors. Until this concept was introduced, the 
arguments between those who believed that high-salt 
diet either did or did not promote hypertension seemed 
at an impasse. The introduction of the concept of ge- 
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netic determination of salt sensitivity and resistance 
helped surmount this impasse and guided future 
research. 

It is our goal in this article to review the evidence 
for the insulin hypothesis from a variety of different 
sources (from epidemiology to pharmacology). We 
hope that our review will lead to a refocusing of the 
insulin hypothesis on genetic factors in determining 
the blood pressure response to insulin resistance and 
hy perinsulinemia. 

Epidemiological Studies 
A number of investigators have demonstrated an 

association between insulin resistance, obesity, and 
hypertension (6, 16). In addition, subsequent studies 
have shown that even lean individuals with essential 
hypertension have a higher frequency of insulin resis- 
tance and hyperinsulinemia (3, 17). However, hyper- 
insulinemia is not found in secondary renovascular hy- 
pertension, and it often persists during antihyperten- 
sive therapy in patients with essential hypertension 
(18). These observations indicate that the hyperinsu- 
linemia is not secondary to elevated arterial pressure 
per se; this lends support to the view that insulin re- 
sistance and hyperinsulinemia contribute to and are 
not caused by elevated arterial pressure in obese and 
lean essential hypertensives. This concept derives ad- 
ditional support from two other observations. First, 
normotensive offspring of hypertensive parents are in- 
sulin resistant and hyperinsulinemic compared with 
the offspring of normotensive parents (19-22). Second, 
individuals with insulin resistance have an increased 
risk of subsequent development of hypertension (23). 
These observations suggest that insulin resistance pre- 
cedes and could contribute to the later development of 
hypertension. 

In contrast to this supporting evidence, there are 
also studies that at first glance seem inconsistent with 
the view that insulin resistance and hyperinsulinemia 
contribute to the development of essential hyperten- 
sion. For example, a number of epidemiological stud- 
ies have failed to confirm the relationship between 
plasma insulin concentration and hypertension (24, 
25). In addition, many subjects (either obese or lean) 
have insulin resistance and hyperinsulinemia without 
hypertension (26, 27). Finally, it is recognized that 
there are several populations, such as Pima Indians 
and Mexican Americans in the United States, who 
have a high frequency of insulin resistance without an 
increased frequency of hypertension (28, 29). 

Does this contradictory epidemiological evidence 
negate the concept that insulin resistance and hyper- 
insulinemia may contribute to the pathogenesis of es- 
sential hypertension? Not at all. Then what are we to 
make of this contradictory evidence? First, the epide- 
miological evidence demonstrates that insulin resis- 

tance and hyperinsulinemia alone are not sufficient to 
cause hypertension. This should not be surprising 
since there are few factors which alone invariably 
cause hypertension. Thus, the finding that insulin re- 
sistance and hyperinsulinemia are found independent 
of hypertension (and are therefore presumably not 
sufficient to cause hypertension) does not negate 
the concept that insulin resistance and hyperinsuline- 
mia may, under some circumstances, contribute to 
hypertension. 

There is ample precedent for this thinking in the 
role of salt in the pathogenesis of hypertension. A 
high-salt diet clearly does not cause hypertension in 
the majority of individuals (so called salt resistance), 
but in some individuals a high-salt diet promotes hy- 
pertension (so called salt sensitivity). 

A Call to Refocus the Insulin Hypothesis 
We suggest that the time is past to ask whether 

insulin resistance and hyperinsulinemia per  se cause 
hypertension in humans. The epidemiological evi- 
dence alone, not to mention the experimental evi- 
dence, suggests that in many individuals insulin resis- 
tance and hyperinsulinemia do not cause hypertension 
(we would refer to this as “blood pressure resistance 
to insulin resistance”). Instead, we suggest that atten- 
tion now turn to determining if there are factors- 
genetic and/or acquired-that promote a hypertensive 
response to insulin resistance and hyperinsulinemia 
(“blood pressure sensitivity to insulin resistance”). 

Genetic Factors. There is convincing evidence 
that genetic factors can play a decisive influence in salt 
sensitivity or resistance. Is there evidence that genetic 
factors might also influence sensitivity or resistance to 
the hypertensive effects of insulin resistance and hy- 
perinsulinemia? Studies in rats suggest that the answer 
is yes. For example, Tomiyama et al. (30) found that 
insulin infusion increased blood pressure in Dahl salt- 
sensitive rats but not in Dahl salt-resistant rats (Fig. 1). 
This study indicates that genetic factors are important 
in determining the blood pressure response to hyper- 
insulinemia. This study does not provide evidence that 
these genetic factors are distinct from those promoting 
hypertension in response to other stresses such as 
high-salt diet. 

In contrast, a recent study by Reed et al. (31) sug- 
gests that genes responsible for “blood pressure sen- 
sitivity to insulin resistance” may be distinct from 
those responsible for salt sensitivity. These investiga- 
tors studied the blood pressure response to fructose- 
induced insulin resistance and hyperinsulinemia in 
three strains of rats: Sprague-Dawley , Fischer 344, 
and Wistar rats. All three strains developed a signifi- 
cant increase in plasma insulin, but only the Sprague- 
Dawley rats showed an increase in blood pressure in 
response to the diet-induced insulin resistance and hy- 
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Figure 1. Insulin infusion increased arterial pressure in Dahl 
salt-sensitive (S) rats but not in Dahl salt-resistant (R) rats, de- 
spite comparable increases in plasma insulin in the two strains. 
Additional studies indicated that the insulin induced increase in 
arterial pressure in S rats was prevented by a-adrenergic block- 
ade, which suggests that i t  was sympathetically mediated. 
(Adapted from Tomiyama et a/. Hypertension 20:596-600, 1992.) 

perinsulinemia (Fig. 2). Interestingly, in this study a 
high-salt diet increased blood pressure in the Fischer 
344 rats, but not in the Sprague-Dawley or Wistar rats. 

These studies prompt the concept that (i) genetic 
factors may critically determine the blood pressure re- 
sponse to insulin resistance and hyperinsulinemia; and 
(ii) these factors may be distinct from the genetic fac- 
tors that influence the blood pressure response to a 
high-salt diet. The knowledge that insulin resistance 
and hyperinsulinemia are associated with a higher fre- 
quency of hypertension in some populations, but not in 
Pima Indians and Mexican Americans, is consistent 
with this hypothesis. We believe support for a modi- 
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Figure 2. Blood pressure in rats consuming either diets en- 
riched in NaCl (striped bars) or fructose (open bars). Only the 
Sprague-Dawley (S-D) group had a significant increase in blood 
pressure in response to fructose feeding. In contrast, NaCl in- 
creased blood pressure only in the Fischer 344 rats. Values are 
mean +- SEM. P values indicate significant difference from nor- 
mal chow (data not shown), which did not alter arterial pressure. 
(Adapted from Reed et a/. Blood Pressure 3:197-201, 1994.) 

fied version of the insulin hypothesis may be found if 
future research is directed at a search for genetic fac- 
tors determining sensitivity or resistance to the hyper- 
tensive effects of insulin resistance. 

Acquired Factors. Is there evidence that ac- 
quired factors could promote a hypertensive response 
to hyperinsulinemia? An answer to this question re- 
quires brief discussion of the mechanisms by which 
insulin could influence blood pressure. 

Insulin has a number of actions that could promote 
hypertension. In addition to its effects on glucose up- 
take, insulin normally promotes sodium reabsorption, 
increases sympathetic nerve activity to skeletal mus- 
cle, and produces vasodilation in skeletal muscle (2, 
9). The antinatriuresis reflects direct renal actions (1 1 ,  
12, 33); the sympathetic activation probably results 
from central neural actions (2, 33, 34), and there is 
recent evidence that the vasodilation is caused by re- 
lease of nitric oxide (35). 

The evidence suggests that in normal humans and 
dogs, the pressor (renal and sympathetic) and depres- 
sor (vasodilator) actions of insulin are balanced so that 
blood pressure does not increase (9, 32, 36). Several 
years ago, we proposed that adaptive responses to hy- 
pertension and/or insulin resistance might tip the bal- 
ance between the pressor and depressor actions in fa- 
vor of the hypertensive actions (37). We are not aware 
of factors that exaggerate the antinatriuretic actions of 
insulin, but there is evidence that diet-induced insulin 
resistance promotes a renal sympathetic nerve re- 
sponse to insulin in rats (38, 39). In addition, humans 
with insulin resistance, obesity, and hypertension 
have either an attenuation or reversal of the normal 
skeletal muscle vasodilator response to insulin (40, 
41). This should not be surprising given awareness that 
endothelial function is impaired in essential hyperten- 
sion. These observations lend credence to the concept 
that acquired, perhaps adaptive, responses to hyper- 
tension and/or insulin resistance could tip the balance 
between the pressors and depressors actions of insulin 
in favor of the pressor actions (42). It has not been 
shown that this imbalance produces an increase in ar- 
terial pressure. Nevertheless, it is still tempting to 
speculate that the adaptive responses to hypertension 
and insulin resistance could promote a hypertensive 
response to insulin. 

Species Differences in Blood Pressure Re- 
sponses to Insulin. To our knowledge, there have 
been no studies demonstrating a pressor response to 
physiological increases in plasma insulin in dogs or 
humans. The studies in humans have evaluated pri- 
marily the responses to acute infusions of insulin (10, 
36, 43), but studies in dogs have failed to demonstrate 
an increase in blood pressure even with chronic infu- 
sions (11-13). In contrast to humans and dogs, there 
are now several reports of a pressor response to acute 
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and chronic infusions of insulin in rats (4446). More- 
over, there are several reports that diet-induced insu- 
lin resistance and hyperinsulinemia increase arterial 
pressure in rats (3 1,47) and that this can be blocked by 
somatostatin (48). 

It is tempting to dismiss the significance of the 
findings in rats by suggesting that they do not appear 
to apply to humans. However, it may be more con- 
structive to ask why there are species differences in 
the blood pressure responses to insulin and then to 
determine if this information might provide insight into 
conditions under which insulin might increase blood 
pressure in humans. In preliminary studies, Morgan et 
al. in our laboratories failed to observe a vasodilator 
response to insulin in rats (unpublished observations), 
and we have been informed that other investigators 
have obtained similar results (Hall et al., personal 
communication). The pressor response to insulin may 
be explained by the lack of a vasodilator response to 
offset the pressor effects of sodium reabsorption and 
sympathetic stimulation. This contrasts with normal 
humans and dogs, in which the pressor effects of in- 
sulin are offset by depressor influence of vasodilation 
(10, 32, 36, 43). This implies that if hypertension or 
obesity eliminates the vasodilator response to insulin 
in humans, the substrate exists for the pressor actions 
of insulin to prevail. 

Vascular and Sympathetic Mechanisms as a 
Cause of Insulin Resistance 

Baron (40) and Julius (15) have advanced varia- 
tions on the hypothesis that abnormalities in skeletal 
muscle vascular and sympathetic regulation may un- 
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derlie insulin resistance in essential hypertension and 
obesity. Baron and his colleagues have performed an 
elegant series of studies demonstrating that hyperin- 
sulinemia produces vasodilation in skeletal muscle, 
which appears to be mediated by nitric oxide (35). 
These investigators have proposed that the increase in 
skeletal muscle blood flow is important in glucose de- 
livery and uptake during insulin and have further sug- 
gested that an impairment in this increase in muscle 
blood flow contributes importantly to insulin resis- 
tance in obesity and presumably essential hyperten- 
sion (4 1). Julius and colleagues have proposed that 
enhanced sympathetic drive may contribute impor- 
tantly to the insulin resistance in essential hyperten- 
sion including hyperkinetic borderline hypertensives 
(15). These investigators have proposed three mecha- 
nisms (Fig. 3) by which sympathetic stimulation could 
promote insulin resistance: (i) stimulation of P-adren- 
ergic receptors; (ii) conversion of slow twitch to fast 
twitch muscle fibers; (iii) vasoconstriction with a de- 
crease in nutritional or capillary blood flow in skeletal 
muscle. These mechanisms could ultimately lead to 
vascular changes (Fig. 3, upper left). 

If Baron and Julius are correct in suggesting that 
abnormal vascular and/or sympathetic regulation may 
cause insulin resistance in essential hypertension and 
obesity, this would not disprove the concept that in- 
sulin resistance and hyperinsulinemia contribute to in- 
creases in arterial pressure. Nevertheless, their hy- 
potheses would offer potentially serious challenges to 
the concept that insulin resistance and hyperinsuline- 
mia promote hypertension. Why? If one can offer a 
credible mechanism( s) by which essential hyperten- 
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Figure 3. Schematic representation adapted from Julius et a/. J Hypertension 9:983-986, 1991. This schematic suggests that in- 
creased vasomotor tone, conversion of slow-twitch to fast-twitch fibers, P-adrenergic stimulation. Structural vascular changes could 
promote and explain the finding of insulin resistance in essential hypertension. 
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sion and obesity could cause insulin resistance, then 
one could explain the early link between insulin resis- 
tance, hyperinsulinemia, and essential hypertension 
without suggesting that insulin resistance promotes 
hypertension. In contrast, if one cannot identify a 
credible mechanism by which essential hypertension 
and/or obesity causes insulin resistance, then the as- 
sociation of insulin resistance and hypertension will 
continue to suggest that insulin resistance may con- 
tribute to increases in arterial pressure. 

Therefore, we believe these ideas of Baron and 
Julius merit a critical analysis. First, the proposed 
mechanisms do not explain the finding that insulin re- 
sistance occurs in essential hypertension but not in 
secondary renovascular hypertension, which is also 
characterized by vasoconstriction and by intense an- 
giotensin-induced sympathetic stimulation to skeletal 
muscle. Second, impairment in vasodilation or an in- 
crease in vascular resistance do not necessarily indi- 
cate a decrease in total or nutritional blood flow. For 
example, essential hypertension is not accompanied 
by decreased blood flow to skeletal muscle (despite 
increased vascular resistance) because the increase in 
arterial pressure maintains tissue perfusion in face of 
the increased vascular resistance. Indeed, patients 
with hyperkinetic borderline hypertension may have 
increased skeletal muscle blood flow. Third, while re- 
flex sympathetic stimulation caused acute insulin re- 
sistance in the forearm, this response was transient 
(49). Although borderline hypertensives have been 
shown to have increased sympathetic nerve activity to 
skeletal muscle (50), it is not yet known whether the 
normotensive offspring of hypertensive parents (who 
are insulin resistant) also have increased sympathetic 
nerve activity. 

For the above reasons, we believe it is unlikely 
that either sympathetic or vascular mechanisms cause 
insulin resistance and hyperinsulinemia in essential 
hypertension. If our conclusion is correct, the early 
and frequent association of insulin resistance, hyper- 
insulinemia, and the evolving syndrome of essential 
hypertension suggests that insulin resistance may con- 
tribute to the increases in arterial pressure. 

Responses to Pharmacologic Agents That 
Increase Insulin Sensitivity 

Antihyperglycemic agents that act by increasing 
insulin sensitivity and lowering plasma insulin should 
constitute pharmacologic tools with which to test the 
hypothesis that insulin resistance and hyperinsuline- 
mia promote hypertension. The thiazolidenediones 
and the biguanides represent two classes of agents that 
act in large part by increasing insulin sensitivity. This 
contrasts with the sulfonylureas that act largely by in- 
creasing insulin secretion. As would be expected the 

sulfonylureas are not antihypertensive, but as would 
be expected from the insulin hypothesis, the thia- 
zolidinediones have been found in numerous studies to 
lower arterial pressure in Dahl salt-sensitive rats (50), 
obese Zucker rats (51), Sprague-Dawley rats (52) with 
hypertension produced by high fructose diet, and renal 
hypertensive rats, but not in normotensive rats (52). In 
addition, metformin (a biguanide) has been found to 
improve insulin sensitivity and lower arterial pressure 
in spontaneously hypertensive rats, but not in nor- 
motensive Wistar-Kyoto or Sprague-Dawley rats (53). 

The effects of these agents in human hypertension 
is not clear. Although a preliminary uncontrolled study 
suggested that metformin might lower arterial pressure 
in lean, insulin-resistant essential hypertensives (54), 
subsequent controlled studies have failed to confirm 
an improvement in insulin sensitivity or a lowering 
of arterial pressure in human hypertensives (55). To 
our knowledge, there have been no controlled stud- 
ies of the effects of thiazolidinediones in human 
hypertension. 

At first glance, the studies in rat would appear to 
provide strong support for the concept that insulin re- 
sistance and hyperinsulinemia contribute significantly 
to hypertension. However, there is evidence that the 
thiazolidinediones might lower arterial pressure 
through mechanism(s) independent of improved insu- 
lin sensitivity. First, Dubey et al. demonstrated that 
pioglitazone inhibits growth of cultured preglomerular 
renal arteriolar smooth muscle cells (56). Pershadsingh 
and Kurtz demonstrated that ciglitazone dramatically 
attenuates the capacity of platelet-derived growth fac- 
tor to induce sustained increases in intracellular cal- 
cium in rat aortic smooth muscle cells (51). In addi- 
tion, Zhang et al. recently reported that pioglitazone 
inhibits inward calcium current through L-type chan- 
nels in vascular smooth muscle (57). Second, Zhang et 
al. in Kotchen’s laboratory found that pioglitazone 
lowered arterial pressure in renal hypertensive rats; 
this model of hypertension is not insulin resistant, and 
the drug lowered arterial pressure without altering in- 
sulin sensitivity (58). The above observations suggest 
that the thiazolidinediones may lower arterial pressure 
through actions independent of improved insulin sen- 
sitivity. Nevertheless, it is still tempting to speculate 
that the antihypertensive effect of the thiazolidinedi- 
ones results at least in part from improved insulin sen- 
sitivity and lowered plasma insulin, particularly in hy- 
pertensive models with insulin resistance. 

Summary 
We have briefly reviewed the controversy regard- 

ing the role of insulin resistance and hyperinsulinemia 
in the pathogenesis of hypertension in an attempt to 
emphasize the evidence in support of this concept. In 
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so doing, we have highlighted the concept that genetic 
factors may determine sensitivity or resistance to the 
hypertensive effects of insulin resistance and hyperin- 
sulinemia. We hope that this idea will help to reconcile 
seemingly conflicting evidence on this hypothesis and 
will focus future research. 
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