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Summary We investigated the contribution of poly- 
morphisms in the angiotensin II type 1 receptor gene 
(AGTR1) to renal complications in an inception co- 
hort of 152 insulin-dependent diabetic (IDDM) pa- 
tients examined 15-21 years after diabetes onset. 
This'nested case-control study included 79 normoal- 
buminuric control subjects and 73 cases with evi- 
dence of nephropathy ranging from microalbumin- 
uria to overt proteinuria. Subjects were genotyped 
for two AGTR1 polymorphisms (T573----)C and 
Al166----~C), and an adjacent CA repeat microsatellite. 
A l l e l e  C 1166 and the 140 bp allele of the microsatellite 
were more frequent among nephropathy cases than 
normoalbuminuric control subjects (0.322 vs 0.247, 
and 0.618 vs 0.521, respectively), but these differen- 
ces were not statistically significant. Although not sig- 
nificant by themselves, the A G T R !  polymorphisms 
contributed significantly to the risk of diabetic ne- 
phropathy when accompanied by poor glycaemic con- 
trol. Among patients with frequent severe hypergly- 

caemia during the first decade of diabetes, the rela- 
tive risk of nephropathy among allele C 1166 carriers 
was 12.1 (95 % CI: 3.7-39.8), whereas it was only 1.4 
(95 % CI: 0.6-3.5) among allele A 1166 homozygotes. 
The difference between relative risks was highly sig- 
nificant (Z 2 -- 8.25, p = 0.004 with 1 df). A similar pat- 
tern of higher risk of microalbuminuria, specifically 
among those carriers of allele C 1166 who had poor gly- 
caemic control was also found in an independent 
study of a cross-sectional sample of 551 IDDM indi- 
viduals, although the effect was smaller in magnitude. 
We conclude that DNA sequence differences in the 
AGTR1 gene may modify the noxious effects of hy- 
perglycaemia on the kidney. Allele C 1166 carriers might 
especially benefit from nephropathy prevention pro- 
grammes. [Diabetologia (1997) 40: 1293-1299] 

Kel~ords Insulin-dependent diabetes mellitus, dia- 
betic nephropathy, angiotensin II receptor, DNA 
polymorphisms, genetics. 

Less than half of the patients with insulin-dependent 
diabetes mellitus (IDDM) develop diabetic nephro- 
pathy, which represents the major predictor of mor- 
bidity and premature mortality among these individ- 
uals [1, 2]. Why this complication develops in only a 
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subset of IDDM patients is not known. Poor glycae- 
mic control has been recognized as a major determi- 
nant of renal complications in IDDM [3, 4], but other 
factors, unrelated to hyperglycaemia, also appear to 
be operating. The recent finding of familial clustering 
of diabetic nephropathy suggests that renal complica- 
tions in IDDM are the result of an interaction be- 
tween the diabetic milieu and nephropathy predis- 
posing genetic factors [5-7]. 

The search for the identity of the genes underlying 
predisposition to nephropathy is a very active area of 
research [8]. Since several studies have shown that fa- 
milial predisposition to essential hypertension is asso- 
ciated with increased risk of diabetic nephropathy [9- 
11], most of the candidate genes have been selected 
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f rom a m o n g  loci invo lved  in the  regu la t ion  of  b lood  
pressure .  The  genes  coding for  the  ren in-ang io tens in  
sys tem have  a t t r ac t ed  special  a t t en t ion  because  an- 
giotensin  II ,  bes ide  increasing sys temic  b lood  pres-  
sure, has severa l  in t ra rena l  effects  tha t  m a y  act as 
power fu l  co- fac to rs  in the  d e v e l o p m e n t  of  g lomeru l a r  
al terat ions.  These  effects  include b o t h  a l te ra t ions  of  
renal  h a e m o d y n a m i c s ,  such as an  inc rease  in intra-  
g lomeru l a r  p ressure ,  and  direct  s t imula t ion  of  mesan -  
gial cell p ro l i f e ra t ion  and  mat r ix  p r o d u c t i o n  [12, 13]. 
Thus, g e n e t i c  var iabi l i ty  in angio tens in  I I  gene ra t ion  
and/or  ac t ion  m a y  con t r ibu te  to var iab i l i ty  in suscep- 
tibility to d iabe t ic  nephropa thy .  F u r t h e r  suppor t  for  
this hypothes i s  has  b e e n  p r ov i ded  by  clinical studies 
showing tha t  inhibi t ion of  angio tens in  I I  gene ra t ion  
by  angio tens in  conver t ing  e n z y m e  ( A C E )  inhibi tors  
re ta rds  the p rog re s s ion  of  d iabet ic  n e p h r o p a t h y  [14]. 

The  genes  of  the  ren in -ang io tens in  sys tem include 
renin  (REN), ang io tens inogen  (AGT), angiotens in-  
conver t ing  e n z y m e  (ACE), and at leas t  two  types  of  
angiotens in  I I  r ecep to r s  (AGTR1, the  sub type  
th rough  which  m o s t  of  angio tens in  I I  ac t ions  are  ex- 
er ted,  and  AGTR2, whose  funct ion  is uncer ta in  [15]. 
While  only  one  r epo r t  has  b e e n  pub l i shed  on  the  
REN gene,  showing a lack of  assoc ia t ion  with  d iabe t -  
ic n e p h r o p a t h y  [16], severa l  g roups  h a v e  inves t iga ted  
the re la t ionships  b e t w e e n  AGT and  ACE genes  and  
renal  compl ica t ions  with inconsis tent  resul ts  [8, 17-  
24]. Rega rd le s s  of  the controvers ies ,  however ,  it is 
c lear  tha t  ne i the r  o f  these  loci has  an  ef fec t  on  the  
risk of  n e p h r o p a t h y  large enough  to  accoun t  for  the 
obse rved  famil ia l  c luster ing of  renal  compl ica t ions  in 
I D D M .  

We have  inves t iga ted  the  assoc ia t ion  b e t w e e n  
n e p h r o p a t h y  in I D D M  and th ree  p o l y m o r p h i s m s  in 

1166 the AGTR1 gene,  one  of  which ( A  -~C)  has b e e n  
previous ly  found  to  be  weak ly  assoc ia ted  with essen- 
tial hype r t ens ion  in the  genera l  p o p u l a t i o n  [25]. Since 
h y p e r g l y c a e m i a  is the  bes t  desc r ibed  and,  probably ,  
the mos t  i m p o r t a n t  p red ic to r  of  d iabe t ic  n e p h r o p a -  
thy, we have  also s tudied  w h e t h e r  these  po lymor -  
phisms m a y  inf luence  susceptibi l i ty  to  rena l  compl i -  
cat ions in I D D M  by  magni fy ing  the  ef fec t  of  p o o r  
g lycaemic  con t ro l  on  the  risk of  nephropa thy .  

Subjects, materials and methods 

Study population. Individuals selected for this study were the 
participants in a nested case-control study of determinants of 
late diabetic complications that was conducted between 1986 
and 1988 in a well-defined cohort of patients who had had 
IDDM for 15 to 21 years [11]. DNA was still available in 
1994-1995 for 152 (94 %) of the 162 participants; 79 of these 
were normoalbuminuric (referred to as normoalbuminuria 
group), and 73 had a variable degree of diabetic nephropathy 
(nephropathy group). The selection and evaluation of these 
patients has been described in detail previously [11]. The eval- 
uation of renal status included measurements of fasting serum 

Table 1. Clinical characteristics of study patients according to 
renal status when examined 15 to 21 years after diagnosis of ju- 
venile-onset IDDM 

Normoal- Nephro- 
buminuria pathy 

n (male/female) 79 (38/41) 73 (35/38) 
Age at IDDM diagnosis (years) 12 _ 5 11 + 4 
Age at examination (years) 30 + 5 29 + 4 
Albumin excretion rate (~tg/min) 8 + 7 1558 + 2561 
Microalbuminuria (n) - 32 
Overt proteinuria (n) - 41 
Impaired renal function (n) - 16 
Systolic blood pressure (mmHg) 118 _+ 14 134 _+ 21 a 
Diastolic blood pressure (mmHg) 78 + 11 87 + 14 a 
Antihypertensive drugs (%) 1 37 
Parental hypertension (%) 49 59 
Index of hyperglycaemia (%) 39 + 19 54 + 19 a 
HbA a (%) 10.9 + 1.9 12.0 _+ 2.0 a 

Data are means + SD. 
a p < 0.001 

creatinine, and albumin excretion rate (AER) during a 3-h 
timed urine collection performed in the morning. Normoalbu- 
minuria was defined as an AER under 30 9g/min. Overt pro- 
teinuria was defined as an AER 250 9g/min or more including 
patients on haemodialysis or with renal transplant. Microalbu- 
minuria was defined as the range between normoalbuminuria 
and overt proteinuria. Patients were considered hypertensive 
if they were on antihypertensive drugs, or the average of two 
supine measurements (standard sphygmomanometer) of sys- 
tolic or diastolic blood pressure was equal to or greater than 
140 or 90 mmHg, respectiv, ely. Parental history of hypertension 
was ascertained by questionnaires mailed to the parents of pa- 
tients and was considered positive if at least one parent had hy- 
pertension diagnosed and treated before age 60 years. An in- 
dex of the frequency of hyperglycaemia during the first 
12 years of IDDM was computed for each patient from clinical 
records as previously described [10]. The index is the percent- 
age of the total number of blood glucose values (in mg/dl), re- 
corded during visits to the Joslin Clinic before 1981 that ex- 
ceeded the following criteria: 180fasting; 240 less than 1.5 h af- 
ter eating; 220 1.5 to 2.4 h after eating; 200 2.5 to 3.4 h after eat- 
ing; and 180 3.5 h or more after eating. Table 1 summarizes the 
clinical characteristics of these individuals. 

Additional study subjects. To confirm some of the findings in 
the main study population, the influence of glycaemic control 
on the relationship between the AGTR1 Al166--)C polymor- 
phism and the risk of microalbuminuria was investigated in a 
cross-sectional sample of 551 IDDM patients from a study of 
the natural history of microalbuminuria that is being conduct- 
ed at the Joslin Clinic. The selection and evaluation of patients 
for this study has been described in detail previously [4]. In 
brief, all patients enrolled in this study (n = 1613) are Cauca- 
sian residents of Massachusetts and had IDDM onset before 
age 41 years. They came to the Joslin Clinic soon after the diag- 
nosis of IDDM (on average 3 years) and have remained under 
the care of the clinic ever since. The evaluation of renal status 
was based on measurements of the albumin to creatinine ratio 
(ACR) in multiple random urine samples collected at the 
time of clinic visits during 1991-1993 [4]. Normoalbuminuria 
was defined as an ACR less than 17 ~g/mg for men and less 
than 25 ~tg/mg for women (1.9 and 2.8 mg/mmol, respectively). 
Overt proteinuria was defined as an ACR greater than 250 mg/ 
mg for men or greater than 355 for women (28 and 40 mg/ 
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mmol, respectively) or a reagent strip reading 2 + or more. Mi- 
croalbuminuria was defined as an ACR in the range between 
normoalbuminuria and overt proteinuria. Classification of a 
patient's renal status was based on a consensus of two out of 
three determinations. Of the 1613 patients screened, 1117 
were normoalbuminuric, 295 had microalbuminuria, and 201 
overt proteinuria [4]. We selected 410 normoalbuminuric and 
141 microalbuminuric individuals for the present study. While 
the index of hyperglycaemia during the first 12 years of diabe- 
tes was not available for this additional study group, haemoglo- 
bin A~ measurements during the 2 years preceding the deter- 
mination of nephropathy (1990-1991) were available, and the 
geometric mean of these measurements was used as an index 
of long term glycaemic control, as previously described [4]. 
Since the values of recent haemoglobin A 1 measurements no 
longer correlate well with long term glycaemic control once 
overt proteinuria is established, patients with persistent pro- 
teinuria were excluded from the study [4]. 

DNA analysis. The main study population was genotyped for 
three polymorphisms in the AGTR1 gene and adjacent re- 
gions: T573---)C - a conservative substitution in the AGTR1 cod- 
ing region [24], An66-+C-located in the AGTR1 3' untranslat- 
ed region [25, 26], and a CA repeat microsatellite placed about 
15 kb 3' of the AGTR1 gene [27]. The 551 additional study sub- 
jects were genotyped for the Al166--')C polymorphism only. 

T573---)C genotypes were determined by PCR amplification 
of genomic DNA followed by denaturing gradient gel electro- 
phoresis (DGGE). A 236 bp fragment including AGTR1 
cDNA position 573 was amplified by PCR using a forward 
primer (5'-CCTGGCTATTGTTCACCC-3') and a reverse pri- 
mer (5'-CGCCGCAACCCAGTATATITITGG-3'). The lat- 
ter carried a 6 bp 'GC-clamp' at the 5' end (in bold face) to fa- 
cilitate DGGE analysis. PCR was performed on 0.5 txg of DNA 
in 50 ~tl containing TRIS HC1 10 mmol/l pH 8.3, KCI 50 mmol/ 
1, MgC12 1.5 mmol/1, gelatin 0.001%, each dNTP 0.2 mmol/1, 
each primer 0.25 mmol/1, Taq polymerase (Amplitaq, Perkin 
Elmer, Norwalk, Conn., USA) 25 U/ml, for 30 cycles (60 s at 
95 ~ 60 s at 52 ~ 60 s at 72 ~ in a Perkin Elmer Thermal Cycler 
480. DGGE was performed according to a previously de- 
scribed protocol [28] in an 8 % polyacrylamide gel with a linear 
gradient of denaturants from 10 to 50 % (100 % = 7 mol/1 urea 
in 40 % formamide) in 1 x Tris-Acetate-EDTA (TAE) buffer 
at a constant temperature of 60 ~ at 10 V/cm for 4.5 h. Under 
these conditions allele T 573 is recognized as a band stopping at 
31% of denaturant concentration, allele C 573 as a band stop- 
ping at 32 %. 

Genotyping of Al166-"-)C was  carried out by PCR followed 
by DdeI digestions and agarose electrophoresis as previously 
described [26]. The CA microsatellite was genotyped by [7- 
32p]ATP labelled PCR followed by denaturing polyacrylamide 
gel electrophoresis as described by Davies et al. [27]. A total of 
eight alleles were detected in our population. Genotype distri- 
butions determined with these methods did not significantly 
depart from Hardy-Weinberg equilibrium in any of the study 
groups. 

Statistical analysis. Allele frequencies were computed from 
genotype frequencies. The distribution of genotypes and al- 
leles were compared between study groups by chi-square tests 
[29]. Haplotype frequencies were estimated by gene counting 
as previously described [30]. As a descriptive measure of asso- 
ciation between genotypes and outcomes, odds ratios were cal- 
culated along with 95 % confidence intervals [29]. Odds ratios 
were compared by the Breslow-Day test. Logistic regression 
analysis was used to assess the independent contributions of 
risk factors to the development of diabetic nephropathy, 

Results 

A G T R 1  polymorphisms and diabetic nephropathy. 
Only small differences in allele and genotype distri- 
butions were observed be tween  cases and control 
subjects for all three  polymorphisms (Table 2). Allele 
C 1166, which had previously been  found  to be weakly 
associated with essential hyper tens ion  [25], was not  
significantly more  f requent  in the nephropa thy  group 
than  among  normoalbuminur ic  individuals (0.322 vs 
0.247, Z 2 = 2.1, p = 0.15 with 1 df) (Table 2). Similarly, 
the nephropa thy  risk among C 1166 allele carriers (het- 
erozygotes and C 1166 homozygotes)  was not  signifi- 
cantly higher  than  that  of A 1166 homozygotes  (Ta- 
ble 2). Similar results were obta ined  when  I D D M  in- 
dividuals with microalbuminur ia  and  overt  protein- 
uria or end-stage renal  failure were considered sepa- 
rately (data  not  shown). The major  allele of the 
A G T R 1  microsatell i te (# 4, 140 bp, indicated as A 1 
in Table 2) showed a weak, non-significant associa- 
t ion with nephropa thy  (0.618 in cases vs 0.521 in con- 
trol subjects, Z 2 = 2.8, p = 0.24 with 2 df). In order  to 
consider these polymorphisms simultaneously,  we 
used gene count ing methods  to es t imate  the distribu- 
t ion of haplotypes  def ined by the two polymorphisms 
in cases and control  subjects. Carriers of the haplo- 
type def ined by allele C 1166 and microsatell i te allele 
#4 had a 2.8-fold risk of diabetic nephropa thy  relative 
to carriers of other  genotypes (95 % CI: 1.4-5.8). 
While this compar ison has a p-value  of ,0.004, the 
weight given to this finding must  be t empered  by the 
number  of  comparisons made;  for example,  there 
were eight possible pairings of  alleles of the microsat- 
ellite with the apparent  risk allele C 1166. Therefore,  
f rom Bonferroni ' s  inequality, one m a y  argue that  the 
p-value is closer to 0.032. No significant association 
with arterial hyper tens ion could be found for any of 
the A G T R 1  polymorphisms within each renal  group 
(data not  shown). 

Interaction between A G T R 1  polymorphisms and 
poor  glycaemic control. We also asked whether  
A G T R 1  polymorphisms,  despite a weak association 
with renal  complications in the total  group, might 
contr ibute impor tant ly  to susceptibility to diabetic 
nephropa thy  in the presence of poor  glycaemic con- 
trol. Individuals whose index of severe hyperglycae- 
mia was above the median  for the overall  populat ion 
had a 3.5-fold risk of diabetic nephropa thy  relative 
to individuals whose index of  hyperglycaemia  was be- 
low the med ian  (95 % CI: 1.7-3.5) (Table 3). The 
magni tude  of this risk, however,  depended  strongly 
on the Al166- - - )C  genotype.  A m o n g  carriers of the al- 
lele C 1166 the nephropa thy  risk associated with an in- 
dex of hyperglycaemia  above the median  was 12.1 
(3.7-39.8), while it was only 1.4 (0.6-3.5) among 
non-carriers (i. e. allele A 1166 homozygotes)  (Table 3). 
The difference be tween the odds ratios was highly 



1296 A. Doria et al.: Angiotensin II type 1 receptor gene and diabetic nephropathy 

Table 2. Comparison of genotype and allele frequencies for T573"--)C, Al166----)C, and AGTR1 microsatellite in IDDM subjects with 
and without nephropathy 

T573---) C A1166---)C AGTR1 microsatellite 

Normoalbuminuria Nephropathy Normoalbuminuria Nephropathy Normoalbuminuria Nephropathy 

Genotypes 
A1/A 1 18 (23.4) 12 (17.6) 47 (59.5) 35 (48.0) 17 (23.9) 23 (33.8) 
AJA 2 37 (48.0) 35 (51.5) 25 (31.7) 29 (39.7) 15 (21.1) 13 (19.1) 
A2/A z 22 (28.6) 21 (30.9) 7 (8.9) 9 (12.3) 0 (0.0) 1 (1.5) 
AJA 3 . . . .  25 (35.2) 25 (36.8) 
A2/A 3 . . . .  6 (8.4) 3 (4.4) 
A3/A 3 . . . .  8 (11.3) 3 (4.4) 
Significance X 2 = 0.7, p = 0.70 b X 2 = 2.1, p = 0.36 b X 2 = 3.6, p = 0.46 c 

Alleles a 

A 1 0.474 0.434 0.753 0.678 0.521 0.618 
A 2 0.526 0.566 0.247 0.322 0.148 0.132 
A 3 . . . .  0.331 0.250 
Significance X 2 = 0.5, p = 0.49 d X 2 = 2.1, p = 0.15 d X 2 = 0.24 b 

Odds ratios (vs A flA1) 
A~/A 2 1.4 (0.6-3.4) 1.6 (0.8-3.1) 
A2/A2 1.4 (0.6-3.7) 1.7 (0.6-5.1) 

Genotype frequencies are given as counts (%). Allele frequen- 
cies are given as proportions. Due to failure of PCR amplifica- 
tion, T573----)C genotypes were not available for two normoalbu- 
minuric and five nephropathic individuals; microsatellite geno- 
types were not available for eight normoalbuminuric and five 
nephropathic subjects, a ml corresponds to alleles T 573 and 

A 1166, A 2 to alleles C 573 and C 1166. For the AGTR1  microsatel- 
lite, A 1 corresponds to the major allele (#4, 140 bp), A 2 to the 
second most frequent allele (#3, 142 bp), and A 3 to all the 
other six minor alleles grouped together, b 2 df; c 4 d f  (after 
pooling genotypes A J A  2 and A2/A3, both having expected 
counts less than 5); a i d f  

Table 3. Index of hyperglycaemia during first 12 years of diabetes and risk of nephropathy among carriers and non-carriers of 
AGTR1 allele C 1166 

All C 1166 Non-carriers C n66 carriers 

Normoalbuminuria Nephropathy Normoalbuminuria Nephropathy Normoalbuminuria Nephropathy 

Index o f  hyperglycaemia a 
Below median 47 23 25 16 22 7 
Above median 26 44 19 17 7 27 
Odds ratio 3.5 1.4 12.1 b 
95 % Confidence interval (1.7~5.9) (0.6-3.5) (3.7-39.8) 

a Omitted are 12 individuals (six cases and six control subjects) for whom the index of hyperglycaemia was not available. 
b X2 = 8.25, p = 0.004 with 1 dffor the difference between odds ratios among C 1166 carriers and non-carriers (Breslow-Day test) 

significant (Z 2 = 8.25, p = 0.004 with  1 dr). A similar  
risk d i f fe rence  was obs e r ved  w h e n  car r ie r  s tatus for  
hap lo type  C1166-microsatellite al lele #4 r a t he r  than  
the  whole  al lele C 1166 w a s  used to subdiv ide  individu- 
als (da ta  no t  shown).  Since the A G T R 1  gene  is in- 
vo lved  in the  cont ro l  of  b lood  p ressure  and  increased  
b lood  p ressure  in pa ren t s  has b e e n  shown  to be  a de- 
t e r m i n a n t  of  n e p h r o p a t h y  in I D D M  [9, 10, 11], we ex- 
amined  w h e t h e r  this effect  of  al lele C 1166 m a y  be  due  
to an inc reased  p r eva l ence  of  p a r e n t a l  hype r t ens ion  
a m o n g  carriers.  N o  associat ion,  however ,  was found  
b e t w e e n  allele C 1166 and  p re sence  of  hype r t ens ion  in 
pa ren t s  wi thin  each  renal  group.  Fur ther ,  the  effect  
of  allele C 1166 o n  the  risk of  n e p h r o p a t h y  associa ted  
with p o o r  g lycaemic  contro l  was p r e s en t  and  similar  
a m o n g  I D D M  individuals  with and  wi thou t  a pa ren-  
tal h is tory  of  hyper t ens ion ,  indicat ing tha t  the allele 
C 1166 and  pa r en t a l  h is tory  of  h y p e f i e n s i o n  con t r ibu te  

i n d e p e n d e n t l y  to the r isk of  n e p h r o p a t h y  (da ta  not  
shown) .  

To conf i rm the  signif icant  in te rac t ion  b e t w e e n  
p o o r  g lycaemic  cont ro l  and  Al166--~C geno type ,  we 
inves t iga ted  an addi t iona l  s amp le  of  551 I D D M  pa-  
t ients  f r o m  a cross-sect ional  s tudy Conducted at the  
Joslin Clinic [4]. The  clinical character is t ics  o f  these  
subjects  are  i l lus t ra ted in Table  4. In  this popu la t ion ,  
al lele C 1166 f r equency  was 0.266 in the  n o r m o a l b u -  
m i n u t i a  and  0.282 in the  m i c r o a l b u m i n u r i a  g roup  
(Z 2 = 0.25, p = 0.62 with  1 df), N o  significant associa-  
t ion with hype r t ens ion  was de t ec t ed  within each  re-  
nal g roup  (da ta  not  shown).  Since we do not  have  
da ta  to calcula te  an index  of  h y p e r g l y c a e m i a  dur ing 
the  first 12 years  of  d iabetes ,  the  m e a n  g lyca ted  hae-  
m o g l o b i n  level  in the  years  1990-1991 was used  as 
an index  of  long t e r m  g lycaemic  control ,  as desc r ibed  
in M e t h o d s  [4]. The  risk of  m i c r o a l b u m i n u r i a  rose  
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Table 4. Clinical characteristics of patients from the natural 
history of microalbuminuria study according to renal status 

Normoal- Microal- 
buminuria buminuria 

n (male/female) 410 (209/201) 141 (71/70) 
Age at IDDM diagnosis (years) 17 + 7 15 + 7 
Age at examination (years) 29 + 7 31 + 7 
Albumin/creatinine ratio (Ixg/mg) 12 + 4 90 + 74 
Systolic blood pressure (mmHg) 125 + 15 133 + 16 a 
Diastolic blood pressure (mmHg) 70 + 11 76 + 9 a 
Antihypertensive drugs (%) 4 24 a 
HbA 1 (%) 10.3 + 1.8 10.9 +_ 2.0 a 

Data are means + SD. 
" p  < 0.001 
HbA 1 represents the geometric mean of HbA I values during 
1988 and 1990-1991 

with increasing glycated haemoglobin values regard- 
less of AGTR1 genotype (Fig. 1) [4]. Above a glycat- 
ed haemoglobin of 11%, however, the risk of micro- 
albuminuria increased more steeply in carriers than 
in non-carriers of allele C 1166 (Fig. l). Among car- 
riers, poor glycaemic control (glycated haemoglobin 
value of 12 %) carried a 2.6-fold risk of microalbu- 
minuria (C.I.:1.02-6.4); whereas, among non-car- 
riers, the relative risk was only 1.6 (C.I.:0.7-3.8). 
Thus, this additional data set seems to show the 
same modifying effect of AGTR1 allele C 1166 o n  the 
relationship between poor glycaemic control and 
the risk of nephropathy, but the magnitude of the in- 
teraction in a cross-sectional study design is less 
strong and is not statistically significant with this 
sample size. 

Discussion 

In this study, we investigated the AGTR1 gene as a 
candidate locus for susceptibility to diabetic neph- 
ropathy. In a cohort of 152 IDDM individuals exam- 
ined between 15 and 21 years after diabetes onset, 
we could not find any significant association between 
diabetic nephropathy and AGTR1 allele C 1166. Al- 
though allele C 1166 by itself did not contribute signifi- 
cantly to renal complications, we observed a power- 
ful, significant interaction between this allele and 
poor glycaemic control in determining the risk of dia- 
betic nephropathy. Among carriers of allele C 1166, the 
relative risk of renal complications associated with 
frequent severe hyperglycaemia in the first decade 
of diabetes was almost ten times that observed 
a m o n g  m 1166 homozygotes (12.1 vs 1.4). A similar pat- 
tern of interaction between allele C 1166 and poor gly- 
caemic control was observed in a cross-sectional sam- 
ple of 551 IDDM individuals currently attending the 
Joslin Clinic. Hyperglycaemia was associated with 
higher risk of nephropathy among C 1166 carriers than 
non-carriers, although the estimate of this magnifying 
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Fig.1. Relation between mean haemoglobin A 1 values and 
risk of microalbuminuria among carriers ( - A - )  and non-car- 
riers ( - - m - - )  of AGTR1 allele C 1166 in the additional study 
population. Odds ratios were calculated taking the allele C 1166 
non-carriers with haemoglobin A1 lower than 9 % as the refer- 
ence group. The 95 % confidence intervals for odds ratios were 
respectively 0.3-1.9, 0.4-2.5, 0.4-2.7, 0.74.0, and 1.0-6.4 for 
the five haemoglobin A1 classes among carriers of allele C I166, 
and 0.4-2.3, 0.4-2.4, 0.5-3.3, and 0.7-3.8 for the four upper 
classes among non-carriers 

effect in carriers of this allele was much smaller in 
this study design and not detectable with this sample 
size. 

Our findings suggest that IDDM individuals carry- 
ing the AGTR1 allele C 1166 a r e  particularly suscepti- 
ble to the damage caused by hyperglycaemia and 
would especially benefit from good glycaemic con- 
trol. While our findings are striking, association stud- 
ies are subject to error [31], and this interaction be- 
tween poor glycaemic control and the AGTR1 allele 
C 1166 must be confirmed in other populations and cor- 
roborated by cellular studies, before allele C 1166 car-  

r i e r s  are preferentially selected for intensified treat- 
ment programmes. There are several reasons, how- 
ever, for confidence in the validity of the present find- 
ings. First, our study population was a sample from a 
well-defined inception cohort of IDDM patients 
who were ascertained regardless of their attendance 
at the Joslin Clinic after diabetes diagnosis. All indi- 
viduals were Caucasian and resided in Massachusetts. 
Thus, biases in patient selection or the presence of 
population stratification, are unlikely. A second con- 
sideration is that the p-value for the difference be- 
tween odds ratios was small (p = 0.004), making it 
also unlikely that these findings were a type I error. 
Finally, findings consistent with this interpretation 
were obtained in a second, independent sample of 
IDDM patients. While the interaction between allele 
C 1166 and the effect of hyperglycaemia on the risk of 
nephropathy was not statistically significant in the 
second sample, this was likely due to the less power- 
ful study design, a cross-sectional sample from which 
patients with advanced nephropathy were excluded 
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due to the unavailability of a suitable long term mea- 
sure of glycaemic control [4]. 

The AGTR1 gene spans 47 kb on chromosome 
3q22 and consists of five exons, four of which are un- 
translated and alternatively spliced [32]. The open 
reading frame is entirely contained in exon 5, and 
codes for a 41 kDa seven-transmembrane domain 
protein which binds angiotensin II and mediates 
most of its actions on the kidney and vessels [15]. 
The Al166----)C transversion is located at the 5' end of 
the 3' untranslated region on the same exon as the 
open reading frame [25, 26] and is not known to 
have any biological function. Therefore, we hypothe- 
size that the observed synergism with glycaemic con- 
trol might be due to linkage disequilibrium between 
allele C 1166 and other sequence differences, as yet un- 
identified but possibly located in regulatory regions. 
These polymorphisms may increase AGTR1 expres- 
sion, enhance angiotensin II action, and ultimately in- 
crease kidney susceptibility to the effect of hypergly- 
caemia through abnormalities of systemic or renal 
haemodynamics, or by altering the function of renal 
cells [33, 34]. Since both angiotensin II and excess 
glucose activate protein kinase C, the interaction be- 
tween poor glycaemic control and the renin angio- 
tensin system might take place along this signal trans- 
duction pathway [35, 36]. 

In conclusion, our data provide preliminary evi- 
dence that genetic variability at the A GTR1 locus po- 
tentiates the effect of poor glycaemic control on the 
risk of diabetic nephropathy. If confirmed, these re- 
suits may provide a basis for identifying IDDM indi- 
viduals who would benefit most from good glycaemic 
control. Studying the cellular pathways linking 
AGTR1 variability to the effects of hyperglycaemia 
may also lead to new insights in the cellular mecha- 
nisms by which diabetes causes glomerular altera- 
tions. Knowledge of these mechanisms might suggest 
additional strategies for preventing diabetic nephrop- 
athy and its burden of morbidity and mortality among 
patients with IDDM. 
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