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Summary Abnormalities of renal autoregulation
with glomerular hyperfiltration and raised intraglom-
erular pressure have been suggested as important fac-
tors in the initiation and development of diabetic
nephropathy. Angiotensin converting enzyme
(ACE) inhibition appears to have a specific reno-pro-
tective role in diabetic nephropathy, possibly by re-
ducing intraglomerular pressure. The acute effects of
ACE inhibition on renal haemodynamics in normo-
tensive, non-insulin-dependent diabetes mellitus
(NIDDM) have not been previously reported. We
measured simultaneous glomerular filtration rate
(GFR) and renal plasma flow (RPF) in 29 (4 female)
subjects, mean age 52 years (range 27-70), using >!Cr
EDTA and I Hippuran. Clearances were corrected
to 1.73 m™. All patients were normotensive (blood
pressure < 75" centile for age and sex), newly diag-
nosed ( < 30 days), taking no antihypertensive or hy-
poglycaemic medication. Subjects were randomly al-
located (double blind) to receive the ACE inhibitor
trandolapril 4 mg day (H) (hypotensive dose),
trandolapril 0.5 mg day™ (L) (non-hypotensive dose)

or placebo (P) for 10 days after which renal haemo-
dynamics were remeasured. For all subjects baseline
GFR, RPF and filtration fraction (FF) were
97 +21 ml min~! mean + SD, 439 + 120 ml min! and
22.3+2.9 % respectively. Glomerular hyperfiltration
(GFR > 120 ml min™') was only demonstrated in 3
subjects (10.3 %). In group H mean arterial pressure
(103+8 vs 93+9mmHg, p<0.001) and FF
(23.8 £2.3vs20.0 £4.0 %, p = 0.03) fell while RPF in-
creased (376+111 vs 426 +60 ml min™', p = 0.02),
there was no significant change in GFR. No signifi-
cant change in mean arterial pressure, GFR, RPF or
FF occurred in groups P and L. These studies suggest
that in newly diagnosed normotensive NIDDM sub-
jects normal renal autoregulation occurs and glomer-
ular hyperfiltration is uncommon. [Diabetologia
(1998) 41: 206-211]
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Diabetic nephropathy is a major cause of morbidity
and mortality in both insulin-dependent diabetes
mellitus (IDDM) and non-insulin-dependent diabe-
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tes mellitus (NIDDM). It is the leading cause of end-
stage renal failure in the United States and the sec-
ond most common cause in Europe [1, 2]. The cumu-
lative incidence of diabetic nephropathy, after 30—
40 years, is similar in both IDDM and NIDDM (25—
45 %) [3-5]. In the United States NIDDM accounts
for 40-90 % of diabetes related renal failure [6, 7].

Hypertension accelerates the development of dia-
betic nephropathy presumably by increasing intra-
glomerular capillary pressure [8]. Intraglomerular hy-
pertension has been suggested to be an important fac-
tor in the development and progression of diabetic
glomerulopathy [9].
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At the onset of experimental diabetes and in newly
diagnosed IDDM, abnormalities of renal autoregula-
tion with glomerular hyperfiltration and elevated fil-
tration fraction have been described [9-13]. Animal
studies show that these haemodynamic abnormalities
are important in the initiation and progression of dia-
betic glomerulosclerosis [14]. Furthermore com-
mencement of angiotensin converting enzyme
(ACE) inhibition at the induction of experimental di-
abetes normalizes glomerular capillary pressure and
prevents diabetic glomerulosclerosis [15].

The aim of the present study was to determine
whether newly diagnosed, normotensive, NIDDM
patients have normal renal autoregulation, with nor-
mal glomerular filtration rate (GFR) and filtration
fraction (FF); and whether such autoregulation is in-
fluenced by short-term treatment with trandolapril,
a long-acting angiotensin converting enzyme inhibi-
tor with high tissue activity.

Patients and methods

We wrote to local general practitioners, diabetes nurse special-
ists and the chemical pathology laboratory, who perform oral
glucose tolerance tests, asking them to identify newly present-
ing NIDDM subjects prior to commencing drug treatment or
receiving dietary advice. The diagnosis of NIDDM was made
using World Health Organization (WHO) criteria [16], in the
absence of ketonuria. Suitable subjects were normotensive,
blood pressure being under 75" centile for age and sex [17],
taking no antihypertensive or hypoglycaemic medication. Ex-
clusion criteria included evidence of renal impairment (serum
creatinine > 110 umol I}, haematuria or dipstick positive pro-
teinuria), urinary tract infection (mid-stream urine culture
positive), congestive cardiac failure, abnormalities of liver
function tests and drugs known to affect renal function (non-
steroidal anti-inflammatory agents, antihypertensive medica-
tion). Three timed overnight urine collections were performed
and albumin and urea concentrations were measured by poly-
ethylene glycol radio-immunoassay [18] and by standard auto-
mated analysis, respectively. Excretion rates were then calcu-
lated. Microalbuminuria was defined as a median urinary albu-
min excretion rate (AER) of 20-200 ug min~'. During this peri-
od patients kept a dietary record from which protein intake
was calculated [19]. Following an overnight fast, blood samples
were taken for glucose, cholesterol, HDL cholesterol, glycated
haemoglobin (HbA,,), urea and electrolytes. HbA, . was esti-
mated by enzymatic immunoassay (reference range 2.7-
4.9%) and serum creatinine by a modified Jaffé rate method
and serum lipids by standard enzymatic methods (Boehringer-
Mannheim, Lewes, East Sussex, UK) with a Cobas-Bio centri-
fugal analyzer (Cobas-Bio, Roche Diagnostic Systems, Wel
wny Garden City, U.K.).

At 09.00 hours a single intravenous bolus injection of 1
MBq each of 'Cr EDTA and I Hippuran (Amersham Inter-
national, Little Chalfont, Buckinghamshire, UK) was given for
the simultaneous estimation of GFR and RPF. These were cal-
culated from the plasma clearance of >'Cr EDTA and '*I Hip-
puran respectively, GFR using a bi-exponential model [20] and
RPF using Tauxe’s single sample method [21]. FF, an indicator
of intraglomerular pressure, was calculated as the ratio of GFR
to RPF. Height and weight were recorded from which surface

area was calculated. Renal clearances were standardized to
1.73 m? body surface area. Glomerular hyperfiltration was de-
fined as GFR over 140 ml min™ 1.73 m~ [10] or over 120 ml
min~! 1.73 m~2 [11].

After a 5min rest the supine blood pressure was mea-
sured in triplicate, to the nearest 2 mmHg, using a stan-
dard sphygmomanometer with the appropriate sized cuff
and the mean arterial blood pressure (MAP) (diastolic
blood pressure + [{systolic blood pressure-diastolic blood
pressure} +3]) calculated. Fundoscopy was performed after
mydriasis.

After completing these basal investigations the patients
were randomized, in a double blind manner, to receive placebo
(P), trandolapril 0.5 mg once daily (L) or trandolapril 4 mg
daily (H). Trandolapril 4 mg day! causes systemic hypotension
whereas 0.5 mg day™ does not reduce systemic blood pressure
but may affect renal haemodynamics [22]. After 10 days’ treat-
ment the renal clearances and metabolic parameters were re-
measured. All patients completed the study and all observa-
tions were made by one person (J.N.).

Fully informed written consent was obtained from each
subject and the study was approved by the local Health Au-
thority ethics committees.

Statistical analysis. Statistical evaluation was performed using
the statistical software SPSS for Windows (SPSS Inc, Chicago,
Ill., USA). Comparisons were made on an intention to treat
basis. Continuous variables were analysed by analysis of vari-
ance (ANOVA). As age differed between the groups it was in-
cluded as a co-variant in the ANOVA model. All pairwise
comparisons were subject to the Bonferroni correction for
multiple comparisons. All results are expressed as mean £ SD
except for urinary AER (geometric mean and range) which
was not normally distributed.

Results

The baseline renal haemodynamic data for all sub-
jects and the three individual groups are shown in
Table 1. Initial investigations confirmed the diagno-
sis of diabetes, random blood glucose 13.4+
5.3 mmol I} and HbA,_ 7.9 £ 2.1 %. One patient re-
fused to undergo fundoscopy, two subjects had back-
ground diabetic retinopathy and the remainder had
normal fundoscopy. Four (14 %) subjects had micro-
albuminuria, two of whom had background retinopa-
thy.

Glomerular hyperfiltration, defined as GFR over
140 ml min~! 1.73 m™? or over 120 ml min™" 1.73 m>,
occurred in 1 (3.4 %) and 3 (10.3 %) subjects, respec-
tively. There was no difference in protein intake or
urinary urea excretion in the hyperfiltering subjects
compared to the remaining subjects. There were no
differences in any metabolic or renal parameters be-
tween the normoalbuminuric (r# = 25) and microalbu-
minuric (n = 4) subjects.

GFR was significantly correlated with RPF
(GFR =0.16 RPF + 27, r=0.85. p <0.0001); and in-
versely with age (GFR =143-0.9 age, r=-048,
p =0.0009) (Fig.1). No significant correlation was
demonstrated between GFR and AER, fasting glu-
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Table 1. Baseline clinical and renal data of the newly diagnosed, untreated, normotensive NIDDM subjects

Group All subjects Placebo Trandolapril Trandolapril ANOVA
(0.5 mg - day™ 1) (4 mg - day™ 1)
Number (female) 29 (4) 10 (1) 8(1) 11 (2) NS
BMI (kg m~?) 30.1£4.2 31144 30.1+£49 292+3.6 NS
Age (years) 5211 45£8 5214 59+6° 0.009
MAP (mmHg) 97+9 93+9 94+10 103+ 8 0.04
Glucose (mmol 171) 13.4£53 151+41 12.0+4.9 12.8+6.7 NS
HbA,, (% normal range, 2.7-4.9) 79+21 8.6+19 69+22 81+1.8 NS
GFR (ml min~! 1.73 m™2) 97 +21 105+ 18 97£20 89£23 NS
RPF (ml min~! 1.73 m~?2) 439 + 120 483+ 83 485+ 142 376 £111 NS
FF (%) 223£29 21.6£29 21.6£39 23.8+23 NS
AER (ug min~!) 5.3 (1.5-120) 11.0 (4.7-120) 42(2.3-9.7) 6.1 (1.5-34.5) NS
Urinary urea (mmol I~ 1) 319+131 361 £121 281 £136 302125 NS
Protein intake (g day™ ') 97 £26 84 £24 92+21 112+ 26 NS

Data is shown for all patients and for the three treatment
groups. Comparisons shown relate to the three treatment
groups.

2 Trandolapril 4.0 mg compared to placebo and trandolapril
0.5 mg. Bonferroni p < 0.05.
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Fig.1(A, B). Correlation of glomerular filtration rate (GFR)
with age (A) and renal plasma flow (B) in normotensive, newly
diagnosed NIDDM patients. Renal clearances, expressed as ml
min~!, were standardized to 1.73 m? body surface area

cose, HbA,, glycosuria, protein intake and systolic
or diastolic blood pressure.

Subjects randomly allocated to group H were sig-
nificantly older than group P with a significantly high-
er MAP than groups L and P (Table 1). All remaining
baseline variables were similar within the groups.

During the study glycaemic control (assessed by
random plasma glucose or glycated haemoglobin)

Data are expressed as mean + SD except for albumin excretion
rate (AER) which is geometric mean and range.
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Fig.2 (A-C). Effects of 10 days’ treatment with trandolapril
4 mg day™! (A), trandolapril 0.5 mg day™ ((]) or placebo (Q)
on filtration fraction (FF) (A); renal plasma flow (RPF) (B);
and glomerular filtration rate (GFR) (C). GFR and RPF are
expressed as ml min!, and were standardized to 1.73 m? body
surface area. *p < 0.05 day 1 compared to day 10

and protein intake (urinary urea excretion and calcu-
lated protein intake) did not change and were similar
in the three groups. MAP was reduced in group H
(103£8 vs 939 mmHg, p<0.001), but was un-
changed in groups P and L. The effects of treatment
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were compared using an ANOVA model with age as
a covariant.

In group H, FF was reduced (23.8+2.3 vs
20.0£4.0, p=0.03) and RPF increased (376 vs
426 ml min™!, p=0.02), there was no significant
change in GFR. In groups P and L no significant
changes in GFR, RPF or FF were observed (Fig.2).
AER was not altered by treatment with high or low
dose trandolapril or placebo.

Of the four subjects with microalbuminuria only
one had a GFR over 120 ml min™! 1.73 m™. In the
one microalbuminuric subject treated with trando-
lapril (H), AER fell to within the normoalbuminuric
range. The remaining three patients with initial mi-
croalbuminuria were randomised to the placebo
group and all remained microalbuminuric.

Discussion

This randomised, controlled, double blind study dem-
onstrates the neutral effect of using the ACE inhibi-
tor trandolapril, at hypotensive and non-hypotensive
doses, on renal haemodynamics in newly diagnosed,
normotensive NIDDM patients. The results suggest
that renal autoregulation is preserved, maintaining
GFR and RPF despite pharmacologically induced
changes in systemic blood pressure, and that glomer-
ular hyperfiltration is relatively uncommon in these
patients. Too few patients had microalbuminuria for
specific comment upon the effect of ACE inhibition.

Renal autoregulation ensures that RPF and GFR
remain relatively constant despite wide variations in
arterial blood pressure [23]. This phenomenon occurs
in innervated, denervated and isolated kidneys [24]
and is therefore believed to be mediated by mecha-
nisms intrinsic to the kidney. GFR is determined by
RPF, itself determined by the balance between affer-
ent and efferent renal arteriolar resistance, trans-
glomerular pressure gradient, the difference between
mean hydrostatic pressure and oncotic pressure, and
the ultra filtration coefficient which is determined by
glomerular permeability and the filtration surface
area [25]. In group H, despite a reduction in systemic
blood pressure, there was no associated reduction in
GFR or RPF. Indeed there was an increase in RPF
and a reduction in FF suggesting a proportionally
greater reduction in efferent (than afferent) glomeru-
lar arteriolar resistance with a reduction in intraglom-
erular pressure. The baseline GFR and RPF where
lower in the patients receiving trandolapril 4 mg (H).
This difference was not statistically significant how-
ever, and is probably age-related as group H patients
were older [26].

In experimental diabetes single nephron and
whole kidney GFR, RPF and intraglomerular pres-
sure are increased soon after the onset of hypergly-
caemia, while systemic blood pressure remains nor-

mal [14]. Intraglomerular hyperfiltration and hyper-
tension lead to glomerular sclerosis in the absence of
systemic hypertension [27]. These haemodynamic
changes suggest that renal autoregulation is abnor-
mal from the very early stages of experimental diabe-
tes and imply that corrective mechanisms of glomeru-
lar damage are different from man. These contrasts
may partly explain the different pathology observed
in kidneys from diabetic rats and human subjects.

Glomerular hyperfiltration, defined as GFR over
140 ml min! 1.73m™2 [10] or over 120 ml min™
1.73 m™2 [11], was uncommon in this study. As it is dif-
ficult to assess the duration of NIDDM prior to diag-
nosis it is not possible to be sure that glomerular hy-
perfiltration had not occurred previously, with nor-
malisation prior to the diagnosis. However, we stud-
ied otherwise healthy patients who were newly diag-
nosed so as to obtain the shortest possible known du-
ration of disease. Vora etal. [11], using identical
methodology, had previously established a mean +
SD GFR of 95+12ml min™ 1.73m™2 and RPF of
472 +70 ml min~! 1.73 m~ in non-diabetic subjects of
a similar age to the subjects we studied [11]. Our def-
initions of hyperfiltration were partly based on their
data.

Our results are similar to Schmitz et al. [12, 13] but
contrast with those of others [11, 28, 29]. Schmitz and
colleagues [12] measured GFR in 10 newly diagnosed
untreated NIDDM subjects comparable to ours for
age, degree of hyperglycaemia and blood pressure.
Their mean GFR was 106 = 14.6 ml min! 1.73 m™2,
none having a GFR over 140 ml min™! 1.73 m™. The
same group also measured GFR in 18, normoalbu-
minuric, NIDDM patients with a known diabetes du-
ration of 5 years (D) and control subjects (C) [13].
Mean GFRs were similar; 100.4 £16.7 (D) and
93.8+11.4 (C) ml min! 1.73 m™ (p = NS). Vora and
colleagues [11] studied a group of 110 newly diag-
nosed, untreated and normotensive NIDDM sub-
jects. They found GFR over 140 ml min™! 1.73 m™
and GFR over 120 ml min™ 1.73m™ in 16 % and
45 % of subjects, respectively. The reason for the in-
creased prevalence of glomerular hyperfiltration
compared with our results is unclear. Age, blood
pressure, glycaemic control and race were similar in
both studies. However, even their results suggest
that hyperfiltration is less common in newly diag-
nosed NIDDM compared to IDDM subjects [10, 30].
Palmisano and Lebovitz [29] studied 72 black Ameri-
can NIDDM patients, 18 within 1 year of diagnosis.
All were treated with sulphonylureas or insulin (fast-
ing plasma glucose 6.7 mmol 1), were normotensive
(127/83 mmHg) and had a mean age of 48 years.
Glomerular hyperfiltration ( > 140 ml min~! 1.73 m2)
was demonstrated in 7 of the 18 (39 %) subjects. Of
the 60 subjects studied within the first 10 years of di-
agnosis 15 (25 %) had a GFR above this level. No-
wack et al. [28] studied 16 subjects within 10 months
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of diagnosis of NIDDM. GFR was measured in this
group and two non-diabetic control groups, non-
obese normotensive and obese normotensive. In the
diabetic group GFR was over 95" percentile of the
normal range established in the non-obese group in
44 % and over 95" percentile of the normal range es-
tablished in the obese group in 50 % of subjects.

Studies in the Pima Indians, who have regular glu-
cose tolerance tests at 2 yearly intervals, provide a un-
ique opportunity to evaluate GFR in NIDDM pa-
tients of known disease duration. Myers et al. [31]
measured GFR and RPF in two groups, one non-dia-
betic and another within 2years of developing
NIDDM. While the uncorrected GFR was significant-
ly higher in the diabetic patients compared to control
subjects (140 vs 122 ml min™ 1.73 m~, p = 0.01) this
difference was lost after correcting GFR for body sur-
face area (119 vs 110 ml min™ 1.73 m~2, p = 0.20). My-
ers et al. concluded that true glomerular hyperfiltra-
tion is present in these recent onset NIDDM Pima In-
dians because the correction for body surface area is
biased by obesity. However, Nowack et al. [28] cor-
rected GFR for surface area and lean body mass by us-
ing densitometry (weighing the subjects under water).
They found that GFR corrected for lean body mass
differed by only 5 % from the value derived from stan-
dard body surface area. Thus Myers et als. datain new-
ly diagnosed Pima Indians could equally be interpret-
ed as showing no hyperfiltration. More recent data
from the same group has demonstrated glomerular hy-
perfiltration in the newly diagnosed and microalbu-
minuric NIDDM Pima Indians [32]. Interestingly in
those progressing from impaired glucose tolerance to
overt diabetes GFR increased by 35 %. However ini-
tial GFR did not predict worsening albuminuria and
microalbuminuric NIDDM patients had stable GFR
over the 4-year follow up period. Data were not cor-
rected for body surface area because of obesity. Itis in-
teresting to note however that the newly diagnosed di-
abetic subjects were considerably heavier than the
normal glucose tolerance control subjects. Thus, cor-
rected GFR may not have been significantly different
between the two groups.

Infusions of both glucose and ketone bodies have
been shown to raise GFR acutely in IDDM [33, 34]
and may account for the increased prevalence of hy-
perfiltration in newly diagnosed IDDM patients, [35,
36]. None of our patients were ketonuric. High protein
intake may increase GFR. Our dietary protein esti-
mates and urinary urea excretion do not suggest that
the patients were on a particularly low protein diet.

Both GFR and RPF were maintained despite
treatment with ACE inhibitors which reduced sys-
temic MAP at the higher dose (H) suggesting that re-
nal autoregulation is preserved in the early stages of
NIDDM. Similar results have been observed in
IDDM subjects without nephropathy whereas abnor-
mal autoregulation was demonstrated in IDDM sub-

jects with nephropathy [37]. Within the nephropathic
group a wide variation in response of GFR to acute
blood pressure reduction occurred ranging from nor-
mal to severely impaired autoregulation. The authors
suggested that the impaired autoregulation could in-
volve either structural changes (arteriolar hyalinosis)
and/or functional disturbances of smooth muscle re-
activity. The nephropathic group all demonstrated ar-
terial hyalinosis on their renal biopsy.

In human diabetes glomerular hyperfiltration, pos-
sibly secondary to intraglomerular hypertension, has
been suggested as a predisposing risk factor for the
subsequent development of diabetic nephropathy [8,
38, 39] although the evidence is conflicting [36, 40].
Rudberg et al. [39] demonstrated that glomerular hy-
perfiltration (GFR > 125 ml min~' 1.73 m?) was an in-
dependent predictor for the subsequent (8 years) de-
velopment of combined microalbuminuria and nephr-
opathy. Only 50 % of the hyperfiltering group devel-
oped nephropathy implying that glomerular hyperfil-
tration alone was insufficient to cause nephropathy.
Other investigators [36, 40] failed to confirm this asso-
ciation. Similar follow-up studies to examine the pos-
sible role of hyperfiltration in NIDDM are required.

Drummond etal. [41] studied the effects of
4 weeks” ACE inhibition on renal function in 18 nor-
motensive, normoalbuminuric, hyperfiltering IDDM
children. Despite suppressing ACE activity and
MAP there was no change in GFR, RPF or FF. Thus,
even in subjects with glomerular hyperfiltration, au-
toregulation is preserved. They concluded that the re-
nin angiotensin system was not involved in the glom-
erular hyperfiltration seen in IDDM and they could
show no evidence for the presence of intraglomerular
hypertension in their patients. Our data would sup-
port this conclusion in NIDDM patients.

Although the results of this study should be inter-
preted carefully, in view of the relatively small num-
bers of subjects studied, our findings of normal renal
autoregulation and a low prevalence of glomerular
hyperfiltration in newly diagnosed, normotensive
NIDDM perhaps casts doubt on the primary role of
abnormal renal haemodynamics in the development
of diabetic nephropathy in such patients. Short-term
use of ACE inhibitors had no adverse effects on renal
function in uncomplicated NIDDM subjects.
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