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and Renal Injury in Diabetes

Manuel T. Velasquez, Sam J. Bhathena, John S. Striffler, Nancy Thibault, and Elizabeth Scalbert

The role of angiotensin-converting enzyme (ACE) inhibition in glucose metabolism and renal injury in diabetes has been
extensively investigated in diabetic humans, as well as in animal models of diabetes. Accumulated data indicate that ACE
inhibitors have either no adverse effect on glucose control or insulin sensitivity or may even improve them. ACE inhibitors also
appear to have neutral or positive effects on lipid metabolism. The variability of results between studies may relate to
differences in experimental design, the degree of glycemia or insulin resistance, potassium balance, and dose or duration of
ACE inhibitor treatment, among others. In contrast, ACE inhibitors have proved effective in limiting proteinuria and retarding
renal function loss -in insulin-dependent diabetes mellitus (IDDM) or non-insulin-dependent diabetes mellitus (NIDDM)
patients. In rats with experimental or spontaneous diabetes, ACE inhibitors also reduce proteinuria and limit glomerular as
well as tubulointerstitial damage, independent of their effects on systemic arterial pressure. How ACE inhibitors limit renal
injury in diabetes is not entirely clear, but hemodynamic and nonhemodynamic mechanisms may be involved. Increasing
evidence suggests that the intrarenal renin-angiotensin system (RAS) may be altered or activated in the diabetic kidney. Such
activation may be specifically inhibited by ACE inhibitors and may explain the superiority of this class of agents over other

antihypertensive agents in reducing proteinuria and slowing the progression of diabetic nephropathy.
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TABETES MELLITUS and hypertension often occur simul-
taneously and share metabolic features of impaired
glucose tolerance and insulin resistance.’2 The common concur-
rence of these two conditions predisposes individuals to excess
morbidity and mortality from cardiovascular disease and renal
disease.>¢ Furthermore, the risk of developing such complica-
tions is often related to the duration and/or severity of the two
disorders. In fact, diabetes mellitus and hypertension currently
rank as the two leading causes of end-stage renal disease in the
United States.” Therefore, current strategies in the treatment of
hypertension and diabetes have been directed not only to strict
control of the blood pressure and blood glucose, but also to
prevention or reduction of target organ damage associated with
these conditions.

Angiotensin-converting enzyme (ACE) inhibitors are now
widely used in the treatment of clinical hypertension. This class
of agents is also increasingly used in hypertensive diabetic
patients with diabetic nephropathy because of their proven
ability to reduce proteinuria and slow renal disease progression.
The mechanisms of this renal protective action of ACE inhibi-
tors are still incompletely understood and remain the subject of
intense investigation. ACE inhibitors have also been reported to
have additional beneficial effects on glucose control and insulin
sensitivity in hypertensive and diabetic patients, but such
metabolic effects have not been consistently observed in other
patients. Whether the influence of ACE inhibitors on glucose
control and insulin resistance relates to their vasodilator effects
or to their direct action on glucose metabolism is also uncertain
and needs to be tested. This report briefly highlights the
evidence for the role of ACE inhibition in glucose metabolism
and renal injury in diabetic humans, as well as in animal models
of diabetes.

ROLE OF ACE INHIBITION IN GLUCOSE METABOLISM
IN DIABETES

The effects of various ACE iphibitors on carbohydrate
metabolism in hypertensive and diabetic patients have been
evaluated in many clinical trials. Some studies have shown that
ACE inhibitors improve glucose control and/or insulin sensitiv-
ity in hypertensive and diabetic patients,®!4 suggesting that
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ACE inhibitors have an additional effect on glucose metabo-
lism. A number of possible mechanisms have been put forth to
explain the improvement in insulin sensitivity by ACE inhibi-
tors. These include reduction in circulating catecholamines,
increased skeletal muscle blood flow due to ACE-induced
vasodilatation, the potassium-sparing effect of ACE inhibition
during insulin-induced hypokalemia, enhancement of bradyki-
nin-mediated actions, and a direct action of ACE inhibitors on
insulin receptors or postreceptor events. Whether each or all of
these putative factors or mechanisms are operative during ACE
inhibition in diabetic patients remains to be established. On the
other hand, there are also studies that show no significant effects
on glucose metabolism in patients treated with ACE inhibi-
tors.1>2* The reasons for these conflicting results are not clear,
but they may relate to differences in subject selection, experimen-
tal design, the degree of glycemia or insulinemia among
diabetic patients, concomitant use of agents that influence
glucose metabolism, potassium balance, and dose or duration of
ACE inhibitor treatment.

The effects of ACE inhibitors on glucose metabolism and
insulin resistance have also been examined in some apimal
models of diabetes. Using the SHR/N-cp rat, a genetic model of
non-insulin-dependent diabetes mellitus (NIDDM) and hyper-
tension,?5%6 we have recently shown that chronic oral adminis-
tration of perindopril in obese SHR/N-cp rats consistently
lowered systemic arterial pressure to normal levels, but did not
produce significant changes in either fasting or 1-hour re-
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sponses (after an oral glucose load) of serum glucose and
insulin, suggesting that glucose metabolism and insulin respon-
siveness were not altered by the treatment.?” Perindopril also
had no appreciable effects on serum cholesterol and triglyceride
levels, consistent with the lack of effect of the ACE inhibitor on
hyperinsulinemia. These data support earlier observations in
patients with hypertension and NIDDM showing that insulin
sensitivity and secretion (as assessed by oral glucose tolerance
and insulin tolerance tests) were unaffected by perindopril
treatment?® and complement other reports showing no effect of
other ACE inhibitors on glucose control and serum lipid levels
in hypertensive and diabetic patients,!6:19-21,29,30

To obviate any possible influence of blood flow and circulat-
ing hormones on skeletal muscle glucose metabolism, we
further performed in vitro experiments to examine the effects of
perindopril on glucose metabolism in isolated soleus muscles of
SHR/N-cp rats.?’ In these experiments, we measured basal and
insulin-mediated glycogen synthesis into muscle, since a de-
crease in glycogenesis in skeletal muscle has been shown to be
primarily responsible for the impaired glucose disposal in
human NIDDM.3!32 We found that the basal rate of muscle
glycogen synthesis was significantly lower in obese compared
with lean rats. The basal and maximal insulin-stimulated rates
of muscle glycogen synthesis observed in these animals were
approximately twofold to threefold lower than those reported by
other groups using soleus muscles from nondiabetic male
Wistar rats’® and male Sprague-Dawley rats,> indicating the
presence of severe insulin resistance. We further showed that
perindopril had no significant effect on either basal or maximal
insulin-mediated glucose conversion into glycogen in soleus
muscle. Other groups using animal models have found different
results with chronic ACE inhibition. Rosenthal et al showed that
chronic treatment with enalapril lowered ambient blood glucose
levels in the Cohen-Rosenthal diabetic hypertensive rat, an
animal model with genetic hypertension and diabetes.>® Henrik-
sen and Jacob have shown that both short-term and long-term
treatment with captopril improve insulin-stimulated glucose
transport activity (as assessed by 2-deoxyglucose uptake) in the
epitrochlearis muscle of obese Zucker rats and that pretreatment
of the animals with a bradykinin antagonist abolished this
effect.3 However, the doses of ACE inhibitors used in these
studies were very high (eg, 30 mg/kg/d for enalapril and 50
mg/kg/d for captopril) compared with the perindopril dose (0.5
to 0.1 mg/kg/d) used in our rats and the daily doses usually used
for antihypertensive treatment in patients. The lack of an effect
of perindopril on glucose control and muscle glycogen synthe-
sis in obese SHR/N-cp rats may be related to their severe
insulin-resistant state, which is not easily improved by ACE
inhibitors, such as perindopril. It is possible that ACE inhibitors,
if used in combination with antidiabetic agents that directly
increase insulin sensitivity to treat NIDDM and hypertension,
may produce additive or synergistic effects to enhance glucose
disposal in insulin-resistant tissues. Further studies in animals
and humans with both NIDDM and hypertension are needed to
examine this point more fully.

On balance, it appears from these studies that the effect of
ACE inhibition on glucose metabolism varies between patients.
ACE inhibitors either have no adverse effect on glucose control
or insulin sensitivity or may even improve them. These agents
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also appear to have neutral or positive effects on lipid metabo-
lism.

RENAL STRUCTURAL-FUNCTIONAL RELATIONSHIPS
IN DIABETIC NEPHROPATHY

Diabetic nephropathy is characterized structurally by early
glomerular and tubular hypertrophy, followed by glomerular
basement thickening and progressive expansion of the mesan-
gial matrix, eventually leading to glomerulosclerosis, tubular
atrophy, and interstitial fibrosis. Mesangial expansion is gener-
ally considered the key lesion most closely related to the decline
in renal function in patients with diabetic nephropathy.’”
However, morphometric studies indicate that tubulointerstitial
pathology correlates just as well with reduced renal function as
glomerulopathy. Bader et al evaluated kidney biopsy specimens
from middle-aged diabetic patients and found that the degree of
interstitial expansion correlated with the serum creatinine level
and progression of glomerulosclerosis.?® Similarly, Thomsen et
al examined autopsy specimens from insulin-dependent diabe-
tes mellitus (IDDM) patients and observed that both mesangial
and interstitial lesions correlated with the serum creatinine level
and the presence or absence of clinical nephropathy.’® More-
over, Mauer et al observed a direct correlation between index of
mesangial expansion and index of interstitial fibrosis in IDDM
patients with varying degrees of nephropathy.’ The same group
of investigators found similar correlations between these two
indices, both of which also correlated with urinary albumin
excretion and glomerular filtration rate.*! More recently, Ueno
et al examined renal biopsy specimens from NIDDM patients
and noted significant interstitial expansion that correlated with
proteinuria, creatinine clearance, and blood pressure.*? Taken
together, these findings indicate that the pathologic lesions in
the tubulointerstitium are as important as diabetic glomerulopa-
thy in the development of clinical nephropathy and reduced
renal function in both IDDM and NIDDM patients.

ROLE OF ACE INHIBITION IN RENAL INJURY IN DIABETES

The renin-angiotensin system (RAS) has been implicated in
the pathogenesis of microvascular and renal lesions in diabetes.
However, its precise role in renal injury in diabetes is not well
understood. The RAS is generally thought to be suppressed in
diabetes, since circulating levels of renin and aldosterone are
usually low or normal in most diabetic patients. However,
recent evidence suggests that a local or tissue RAS also exists in
the kidney and other organs, which operates in an autocrine or
paracrine manner, independent of the circulating RAS sys-
tem.*3* All of the components of the RAS have been identified
and localized in various structures of the kidney.** Molecular
biological and immunohistochemical studies have shown that
the levels of the different RAS components are increased in the
diabetic kidney. For example, Anderson et al have found
elevated levels of renal angiotensinogen mRNA and renin
protein in kidneys of rats with experimental diabetes.*> These
investigators also noted increased immunostaining for ACE in
glomeruli and renal vasculature in these animals. Other groups
have also found increased renal renin content in glomeruli*® or
juxtaglomerular apparatus*’ of diabetic rats. These findings
suggest that the renal RAS may be altered or activated in
diabetes. Whether these changes in intrarenal RAS mediate
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renal injury in diabetes is not clear and needs further intensive
investigation.

Investigations on the effects of ACE inhibitors on diabetic
renal disease in humans and animals have provided further
evidence for the participation of the RAS in renal injury in
diabetes. Many clinical studies have shown that treatment with
ACE inhibitors reduces proteinuria in hypertensive diabetic
patients*®*® and slows the rate of renal functional deterioration
in IDDM patients with diabetic nephropathy.’>? Similarly,
other studies have also shown that ACE inhibitors limit the
progression of renal disease in IDDM patients with microalbu-
minuria’® and prevent the progression of albuminuria and loss
of renal function in NIDDM patients with microalbuminuria
and normal serum creatinine.’* These beneficial renal effects of
ACE inhibitors appear to be a class effect, since similar effects
were observed using different ACE inhibitors. A recent meta-
analysis indicated that the antiproteinuric effect of ACE inhibi-
tors in diabetic patients exceeds that of most other antihyperten-
sive agents.>> More importantly, the Collaborative Study Group
trial by Lewis et al has provided convincing evidence that ACE
inhibition with captopril slows the progression of diabetic
nephropathy, independent of its effect on blood pressure,!
suggesting an additional specific effect on the kidney.

The effects of ACE inhibitors on diabetic renal lesions have
been examined in several animal models of diabetes. In SHR
rats made diabetic with streptozotocin (STZ), Cooper et al
showed that ACE inhibition with enalapril limited albuminuria,
mesangial expansion, and glomerular basement membrane
thickening in the diabetic animals.5¢ Similarly, Sassy-Prigent et
al have shown that early treatment with trandolapril in STZ-
induced diabetic rats completely abolished albuminuria and
prevented the development of incipient glomerular lesions,
namely, glomerular hypertrophy and mesangial expansion.>’
Anderson et al compared the effects of captopril and conven-
tional triple therapy with hydrochlorothiazide, reserpine, and
hydralazine in moderately hyperglycemic Munich-Wistar rats
with STZ-induced diabetes and showed that both regimens
equally reduced systemic arterial pressure, but captopril was
more effective than triple therapy in preventing albuminuria and
glomerulosclerosis in diabetic rats.’® Similarly, our group has
shown that treatment of obese SHR/N-cp rats with perindopril
was more effective than triple-drug therapy in halting the
progression of proteinuria.® Both regimens also significantly

limited glomerular sclerosis and tubulointerstitial lesions but
the magnitude of reduction was greater with perindopril com-
pared with triple therapy. In addition, we found a significant
positive correlation between the percentage of glomerular
sclerosis and the index of severity of tubulointerstitial lesions,
suggesting that the development of glomerulosclerosis and
tubulointerstitial lesions in the diabetic kidney may have
common pathophysiologic mechanism.

Several mechanisms have been suggested to contribute to the
renal protective effect afforded by ACE inhibitors. Hemody-
namic effects, such as reduction of intraglomerular pressure by
ACE inhibitors, which has been amply demonstrated in diabetic
rats,’®0 may reduce pressure-related glomerular injury. ACE
inhibitors may also reduce renal injury through inhibition of
angiotensin II-mediated nonhemodynamic mechanisms.®! An-~
giotensin II, in addition to its potent vasoconstrictor properties,
is known to stimulate the proliferation and growth of mesangial
cells®? and to increase extracellular matrix protein synthesis.s
Angiotensin IT can also stimulate the production of various
prosclerotic cytokines, such as transforming growth factor-beta,
fibroblast growth factor, and platelet-derived growth factor.%*
ACE inhibitors may interfere with these trophic effects of
angiotensin II by blocking its local production in the kidney.

CONCLUSION

In summary, accumulated evidence from clinical and experi-
mental studies indicate that ACE inhibitors have either neutral
or favorable effects on glucose control and insulin sensitivity.
However, these agents have proven effective in reducing
proteinuria and slowing the progression of diabetic nephropathy
in both IDDM and NIDDM. Studies in animal models of
diabetes have provided further evidence that the renoprotective
effect of ACE inhibitors is associated with amelioration of
glomerular and tubulointerstitial injury associated with diabetes
and that these renal effects are independent of their effects on
systemic arterial pressure. The mechanisms of how ACE
inhibitors limit renal injury in diabetes are not entirely clear.
Increasing evidence suggests that activation of the intrarenal
RAS may play a role in renal injury in diabetes. Such activation
may be specifically inhibited by ACE inhibitors and may
explain the superiority of this class of agents over other
antihypertensive agents in slowing the progression of diabetic
nephropathy.
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