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Introduction: Angiotensinogen (AOG) is the precursor of peptides of the renin angiotensin system (RAS).
Because insulin up-regulates transcriptional factors that normally repress kidney AOG synthesis, we
evaluated urinary AOG (UAOG) in patients with type 1 diabetes (T1D) and microalbuminuria who are
receiving either intensive or conventional insulin therapy.

Methods: Urine samples from participants of the Diabetes Control and Complications Trial (DCCT) were
used for the following: (i) uUAOG/creatinine measurements in 103 patients with microalbuminuria and 103
patients with normoalbuminuria, matched for age, gender, disease duration, and allocation to insulin
therapy; and (ii) uAOG/creatinine measurements from patients with microalbuminuria allocated to
intensive insulin therapy (n = 58) or conventional insulin therapy (n = 41) after 3 years on each modality.

Results: uUAOG was higher in patients who started with microalbuminuria than in those with normoal-
buminuria (6.65 vs. 4.0 ng/mg creatinine, P < 0.01). uAOG was higher in females than in males with
microalbuminuria (11.7 vs. 5.4 ng/mg creatinine, P = 0.015). uAOG was lower in patients with micro-
albuminuria allocated to intensive insulin therapy than in conventional insulin therapy (3.98 vs. 7.42 ng/mg
creatinine, P < 0.01). These differences in uUAOG were observed though albumin excretion rate (AER) was
not significantly different.

Conclusion: In patients with T1D and microalbuminuria, uAOG is increased and varies with gender and the
type of insulin therapy independently of AER. This suggests that AOG production is increased in females
and it is decreased by intensive insulin therapy. The reduction in uAOG with intensive insulin therapy, by
kidney RAS downregulation, may contribute to the known renoprotective action associated with intensive
insulin and improved glycemic control.

Kidney Int Rep (2022) 7, 2657-2667; https://doi.org/10.1016/j.ekir.2022.09.010

KEYWORDS: albuminuria; angiotensinogen; renin-angiotensin system; diabetic kidney disease; Type 1 diabetes

© 2022 International Society of Nephrology. Published by Elsevier Inc. This is an open access article under the CC BY-
NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

he RAS is a major regulatory pathway and an
important therapeutic target to slow down the
progression of chronic kidney disease.' '' AOG is the
main parent compound for the formation of angiotensin
peptides. Consistent with the important role of the RAS
in hypertension and kidney disease, a recent analysis of
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more than 200 genes for kidney function and hyper-
tension found that AOG in proximal tubule cells
emerged among the genes for complex kidney disease-
associated phenotypes.'” The main source of AOG is
the liver, which produces it constantly to sustain a
high level in plasma'’ but it is also produced in kidney
proximal tubule cells." " AOG, like albumin, can be
recovered in the urine in small amounts in healthy sub-
jects because both proteins can pass a normal glomer-
ular filtration barrier."”'® With diabetic kidney
disease (DKD), uAOG levels are increased as reported
from cross sectional studies that included patients

with  chronic kidney disease and associated
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hypertension.'” ** These patients, however, were
treated with medications, including RAS blockers."”
*> RAS blockers can decrease uAOG”* *’ and hyperten-
sion has been reported to increase urinary levels of
AOG.”"* The foregoing indicates the need for studies
where uAOG can be evaluated in patients with diabetes
without hypertension and in the absence of other con-
founding factors, such as the use of RAS blockers.

uAOG in DKD is increased most likely as a result
of augmented passage of liver derived AOG through
an altered glomerular filtration barrier. Part of the
AOG found in the urine, however, also originates in
the proximal tubule, particularly if the synthesis at
" This may be the case in
DKD, because it is known that high glucose increases
AOG mRNA in kidney tubular cells’ ** and intra-
renal AOG is increased in rodent models of T1D.™"”
Gene transcription of AOG has been studied in
cultured renal proximal tubular cells and in the
Akita mouse model of T1D.**”"*” *® The best studied
regulator of kidney AOG synthesis is insulin, which
up-regulates 2 transcriptional factors, namely het-
erogeneous nuclear ribonucleoprotein F and K
(hnRNP F and hnRNP K) that normally repress kid-
ney AOG synthesis.”’ In rodent models of TID,
intrarenal (proximal tubule) AOG is increased, and
this is attributable to suppression of hnRNP F as a
result of insulin deficiency.’””””®

In humans, the effect of insulin on uAOG has not
been studied. In this report, AOG was determined in
National Institute of Diabetes and Digestive and Kidney
Diseases (NIDDK) Repository urine samples from
patients with T1D and microalbuminuria from partici-
pants in the DCCT. A unique feature of this population
is that when the urine samples were obtained, study
participants were not overtly hypertensive or receiving
RAS blockers which could affect AOG. Because pa-
tients were allocated to either intensive insulin or
conventional insulin for several years, we were able to
examine the long-term effect of insulin on uAOG after
at least 3 years on each therapeutic modality.

METHODS

The study was based on deidentified historical samples,
and it was considered exempt by the Northwestern
University Institutional Review Board. Urine samples
from participants in the DCCT were provided by the
NIDDK repository. The DCCT was a multicenter ran-
domized clinical trial, including 1441 volunteers (96 %—
97% Caucasian), aged 13 years to 39 years, with T1D of
1 year to 15 years duration from 29 medical centers in
the United States and Canada conducted from 1983 to
1993, and aimed to compare conventional versus

. . .. 14
this site is increased.
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intensive therapy on blood glucose control and com-
plications of diabetes.’

The major inclusion criteria were insulin depen-
dence (deficient C-peptide secretion); aged 13 years to
39 years; as well as absence of hypertension, hyper-
cholesterolemia, and severe diabetic complications or
medical conditions."’
duration since diagnosis less than 1 year or more
than 15 years before enrollment, type 2 diabetes, his-
tory of cardiovascular disease, hypertension (BP =140/
90 mm Hg), hyperlipidemia, serum creatinine =1.2 mg/
dl or creatinine clearance <100 ml/min per 1.73 m’
body surface area, severe diabetic complications, severe
medical comorbidities.*’

The exclusion criteria were

Study Design

We requested from the NIDDK repository all the
available urine samples from study participants in
whom microalbuminuria was documented at the initi-
ation of the DCCT. Out of all the 104 subjects with
microalbuminuria at study initiation (cases) we were
able to use samples from 103 who started the study
with microalbuminuria, (defined as 24-hour albumin
excretion between 30 and 300 mg/24h, Supplementary
Figure S1). None of the study participants were taking
RAS blockers throughout the DCCT. The AER in most
cases was in the low microalbuminuric range (median
38.9 mg/24h). In normoalbuminuric controls, the me-
dian AER was 10.1 mg/24h. The characteristics of the
103 cases with microalbuminuria and controls with
normoalbuminuria who were matched (as per our
request to the NIDDK) for age, gender, disease duration
and allocation to treatment group are shown in
Supplementary Table SI. Because samples for AOG
measurements were not available at the initial entry
visit we used the sample available from the earliest
annual visit following study initiation (on average,
year 2, range 0-8 see Table 1). At this study visit,
however, 33 of the 103 individuals had AER values in
the normoalbuminuric range whereas the remaining 70
had persistent microalbuminuria (Figure la and Ic).
Accordingly, we analyzed the data for all cases com-
bined (N = 103) (Table 1) and in a subset analysis also
for the ones who had remained microalbuminuric (n =
70) (Supplementary Table S2). None of the 103 cases
were used as controls.

In patients with microalbuminuria at study initia-
tion visit (cases), we also evaluated whether allocation
to intensive insulin therapy had an effect on uAOG/
creatinine as compared to conventional insulin therapy.

At the DCCT study, intensive treatment group was
defined as participants who took insulin 3 or more
times per day by injection or an insulin pump, and self-
monitored their blood glucose levels 4 or more times a

Kidney International Reports (2022) 7, 2657-2667
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Table 1. Characteristics of cases and controls and uAOG at the

study visit

Controls Cases
Clinical Parameters N =103 N =103 P Value
Study visit (Years from sfart) 2 (0-8) 2 (0-8) 0.7
Age (yn) 27 (14-42) 27 (13-41) 0.91
Gender >0.99
Males (%) 48 (46.6) 48 (46.6)
Females (%) 55 (563.4) 55 (563.4)
Disease durafion (mo) 107 (17-201) 111 (12-233) 0.47
Treatment >0.99
Intensive (%) 60 (68) 60 (58)
Standard (%) 43 (42) 43 (42)
GFR (mI/min/1.73 m?) 122.6 (82-150) 126.1 (95-156) 0.045
HbA1C (%) 7.82 (56-12) 8.05 (5-14) 0.034
SBP (mm Hg) 112 (90-150) 116 (92-180) 0.005
DBP (mm Hg) 76 (52-90) 72 (54-90) 0.34
AER (mg/24hr) 8.64 (4-28.8) 33.12 (4-158) <0.01
Log AER (mg/24h) 2.15 (1.5-3.4) 3.5 (1.5-5.1) <0.0001
UAOG (ng/mg) 4 (0.1-65.3) 6.65 (1-1069) <0.01
Log UAOG (ng/mg) 14 (-23104.2) 1.9 (0.02-6.98)  <0.0001

AER, albumin excretion rate; AOG, urinary angiotensinogen; DBP, diastolic blood
pressure; GFR, glomerular filtration rate; HbA1lc, glycated hemoglobin; Log, logarithmic
transformation; SBP, systolic blood pressure.
Analysis by Wilcoxon rank sum test.

day, with ability to adjust dosage; and the conven-
tional treatment group were participants using 1 or 2
injections of insulin a day, including mixed interme-
diate and rapid-acting insulins, with daily urine or

blood glucose testing.

40

Both groups had separated clearly in terms of he-
moglobin Alc (HbAlc) during the first year of follow
up (Figure 2). The visits chosen for these analyses
were based on sample availability and duration of
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therapy of at least 3 years. Of the 103 subjects with
microalbuminuria, only 99 had samples available for
this analysis (from 41 subjects who received conven-
tional and 58 subjects who received intensive insulin
therapy and were matched based on age, gender, and
disease duration).

uAOG

The aliquots of urine were collected using standard-
ized procedures and were frozen immediately and
stored at —20 °C for up to only 2 weeks at the local
clinic and then shipped frozen on dry ice to the
Central Biochemistry Laboratory, they
remained frozen and unthawed at —70 °C and later
stored at the NIDDK repository at —80 °C. Available
urine samples were transferred on dry ice to our
laboratory at Northwestern University where it was
immediately stored in —80 °C freezer. uAOG/creati-
nine was measured using a Human Total AOG Assay
Kit from IBL (Japan). The AOG kit employed a solid-
phase sandwich enzyme-linked immunosorbent assay
whereby uAOG/creatinine was captured by one AOG
antibody, which was coated onto the micro-titer
plate. Horseradish peroxidase-conjugated AOG anti-
body was then added and tetramethylbenzidine was
used as a chromogen. The reaction was stopped by
the addition of sulfuric acid and the color intensity,
which was proportional to the AOG concentration,
was read using a 450 nm filter. The measurement
range of the assay is 0.31 to 20 ng/ml (6.0-384.6
pmol/l). The interassay coefficient of variation for
uAOG/creatinine was 5.7%, and the intra-assay
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Figure 1. AER and urine AOG in 103 subjects in whom albumin excretion at the initial study DCCT visit was in the microalbuminuric range (upper
panels) and in a subset of 70 of these subjects who continued to have microalbuminuria at the study visit (lower panels). (a) AER at the study
visit in Cases (blue) and in normoalbuminuric Controls (red). (b and d) Show the corresponding uAOG values at the same study visit when the
AER data (panels a and c) was available. AER, albumin excretion rate; uAOG, urine angiotensinogen.
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Figure 2. HbA1lc trend in subjects with microalbuminuria allocated to intensive (red) or conventional Insulin groups (blue). Highlighted is the
follow up period used in this study to compare these 2 groups as HbAlc stabilized.

coefficient of variation was 4.4% (n = 100 measure-
ment). After the DCCT samples arrived at the
Northwestern University laboratory, urine sample
thawing and freezing was kept to the minimum (1-2
cycles if repeat measurements were required). uAOG
measurements were minimally affected after 3 or 5
freeze-thaw cycles (96% and 92% of 1 freeze-thaw
reference 20). The quality of DCCT samples is
further suggested from the myriad of analytes
measured in urinary and plasma samples.”' ** Sample
stability in terms of AOG in urine, however, was
specifically addressed in a study that used urine from
T1D patients stored for up to 3 years.”” They found
that intraindividual variation over 12-month for AOG
was comparable to that of albumin, which is gener-
ally viewed as a stable urinary protein. After a 6-
hour incubation at room temperature, a condition
considered unfavorable for protein stability, AOG was
very stable (89% of the reference) and, even after 48
hours, AOG was detectable at more than 60% of
reference. Moreover, uAOG was minimally reduced
(92% of reference) after 5 freeze-thaw cycles.

Data on 24-hour urinary albumin excretion and
estimated glomerular filtration rate (GFR), calculated
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using the chronic kidney disease-EPI formula, was
provided to us by the DCCT repository at NIDDK.

Statistical Analysis

For cases and controls with data at multiple time
points, comparation was done using a signed rank test.
The sample size of 104 matched cases and controls had
a prespecify 80% power to detect a mean difference
(between cases and controls) that was 0.27 standard
deviations, assuming a 2-tailed test and a type I error
rate of 5%.

To evaluate the normality of data distribution,
Shapiro-Wilk test was used. For non-normally
distributed data, Wilcoxon test was used to test the
differences between unadjusted medians in the cases
and controls. For data with normal distribution, ¢-tests
were used. For testing the associations, multiple linear
regression analysis was performed. Because the values
of uAOG/creatinine and AER were not normally
distributed, we transformed them into logarithmic
values using natural logarithm.”” A P-value < 0.05 was
considered statistically significant. No corrections were
made for multiple analyses.

Kidney International Reports (2022) 7, 2657-2667
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RESULTS

uAOG in Patients With Microalbuminuria
(Cases) and Normoalbuminuria (Controls)
Because of the regression to normoalbuminuria in 33
(32%) participants in the case group, the range of AER
showed overlap among the cases (Figure la). The
characteristics of the 103 cases at the study visit and
those of the 103 controls matched for age, gender,
disease duration at the study visit and allocation to
treatment groups are shown in Table 1. There were
small but significant differences in GFR, HbAlc, and
systolic blood pressure (SBP) (Table 1). These differ-
ences were already present between both groups at the
DCCT study initiation visit (Supplementary Table S1).
By study design, AER was higher in cases than in
controls (Table 1 and Figure 2).

The uAOG/creatinine ratio was significantly higher
in samples from cases than in controls (median, 6.65
[1.0-1069] vs. 4.0 [0.1-65] ng/mg, P < 0.01) (Figure la).
After adjusting for SBP, diastolic blood pressure (DBP),
HbAlc, and GFR, the logarithmically transformed
uAOG/creatinine ratio remained significantly higher in
cases than in controls (P = 0.01). If AER is included in
this analysis, however, the logarithmically transformed
uAOG/creatinine ratio is no longer significant between
the 2 groups (P = 0.14 also by multiple linear regres-
sion analysis).

uAOG in Cases in Whom AER Remained in the
Microalbuminuric Range

Because at the study visit only 70 of 103 cases (68%)
had AER in the microalbuminuric range and the
remaining 33 had values in the normal range as noted
above, we performed an additional analysis of the 70
cases and 70 matched controls who remained micro-
albuminuric (Supplementary Table S2). In this subset,
AER levels in cases and controls were 41 mg/24h
(range, 30.2—158 mg/24h) and 10 mg/24h (range,
4.3—23.0 mg/24h), respectively. Therefore, there was
no overlap in AER between the cases and controls
(Figure 1c).

The uAOG/creatinine ratio was higher in these 70
cases than in the 70 matched controls (10.03 vs. 3.95
ng/mg, P < 0.01) (Supplementary Table S2 and
Figure 1d). As in the full sample of 103 subjects per
group, there were small but significant differences in
GFR, HbAlc and SBP between cases and controls
(Supplementary Table S2). After adjusting for SBP,
DBP, HbAlc, GFR, the log uAOG/creatinine was sig-
nificant (P = 0.0001 by multiple linear regression
analysis). If AER is included with GFR, SBP, DBP,
HbAlc, age, sex, duration and treatment group, the log
of uAOG/creatinine was still significantly higher (P =
0.046 by multiple linear regression analysis).

Kidney International Reports (2022) 7, 2657-2667
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In the remaining 33 cases with microalbuminuria at
study initiation in whom AER had reverted to the
normalbuminuric range (14.4 [4.32—25.9] mg/24h), the
uAOG/creatinine ratio was also markedly lower than in
the 70 cases that had remained microalbuminuric (4.3
[1.26—44.4] vs. 10.03 [1.02—1067] ng/mg, P = 0.006).
When adjusted for SBP, DBP, HbAlc, and GFR, the
logarithmically transformed uAOG/creatinine remained
significantly higher by multiple linear regression
analysis (P = 0.005). If AER is included in this analysis,
then the log uAOG/creatinine is no longer significant
(P = 0.19 by multiple linear regression analysis), which
is consistent with the comparison of cases and controls
in Table 1.

uAOG in Males and Females

Among the cases (N = 103), the uAOG/creatinine was
markedly higher in females (n = 55) than males (n = 48)
(11.73 [1.0—393] vs. 5.44 [1.0—1069] ng/mg, P = 0.015)
(Figure 3a). This difference in AOG was observed in the
absence of significant differences in age, disease dura-
tion, allocation to treatment groups, GFR, HbAlc, and
DBP but SBP was lower in females than in males (112
vs.120 mmHg, P = 0.003) (Supplementary Table S3). Of
note, this difference was observed when AER was very
similar in males and females (33.12 vs. 33.12 mg/24h,
P = 0.9) (Figure 3b).

After adjusting for all variables (AER, SBP, DBP,
HbAlc, GFR, age, duration and insulin treatment
allocation), the logarithmically transformed uAOG/
creatinine was still significantly higher (P = 0.025, by
multiple linear regression analysis).

In controls uAOG/creatinine was also higher in fe-
males than in males but the difference was not statis-
tically significant (5.25 vs. 3.55 ng/mg, P = 0.12).
When comparing females in cases (n = 55) with females
in controls (7 = 55), uAOG/creatinine was significantly
higher in cases than in controls (11.73 vs. 5.25 ng/mg,
P = 0.002). Males in cases (n = 48) likewise had sig-
nificant higher levels of uAOG/creatinine than males in
controls (n = 48) (5.44 vs. 3.55 ng/mg, P = 0.039).

uAOG in Patients Allocated to Conventional
Versus Intensive Insulin Treatment

Of the 103 cases, only 99 had urine samples available
for this analysis (see Methods). Fifty-eight samples
were from patients allocated to intensive therapy and
41 from those allocated to conventional therapy
(Table 2). The 2 groups had separated in terms of
HbAlc clearly at the end of the first year of follow up
but the visit chosen for uAOG measurements was
based on sample availability during year 3 to year 6
(median, year 5) (Figure 2). There were no significant
differences between the 2 groups in age, gender,
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Figure 3. (a) Urinary AOG levels and (b) AER in patients with microalbuminuria (Cases) at the study entry (48 males and 55 females). AER,

albumin excretion rate; uAOG, urine angiotensinogen.

disease duration, GFR, and systolic or DBP (Table 2).
As expected, participants in the intensive treatment
group had markedly lower levels of HbAlc than pa-
tients in the conventional treatment (7.05 vs. 8.9%,
P < 0.01).

uAOG/creatinine was significantly lower in urine
samples from cases in the intensive than in the con-
ventional insulin treatment group (median, 3.98
[0.4—96] vs. 7.42 [1.4—296] ng/mg, P < 0.01)
(Figure 4a). After adjustment for GFR, SBP, DBP, AER,
age, sex, and duration, the logarithmically transformed
of uAOG/creatinine remained significantly lower by
multiple linear regression analysis (P = 0.015). Of note,
AER excretion was not significantly different between
conventional versus intensive insulin therapy (21.6 vs.
20.16 mg/24h, P = 0.68) (Figure 4b).

As expected from the effect of the type of insulin
therapy on HbAlc, when this parameter is included
with GFR, SBP, DBP, AER, age, sex, and duration, the
log uAOG/creatinine is no longer significant by mul-
tiple linear regression analysis (P = 0.66). uAOG/
creatinine was higher in females than in males in the
conventional insulin arm (11.1 vs. 5.3 ng/mg, P =
0.04) and in the intensive arm (5.3 vs. 2.4 ng/mg, P =
0.001). These findings are shown in Supplementary
Figure S2A and S2B. In the normoalbuminuric group
(controls), uAOG/creatinine, in the intensive group
was not significantly different from the conventional
group (4 vs. 4.76 ng/mg, P = 0.77) (Supplementary
Table S4). Participants in the intensive treatment
arm had markedly lower levels of HbAlc than pa-
tients in the conventional treatment arm (7.16 vs.
8.82%, P < 0.0001).
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DISCUSSION

This study examined uAOG in individuals with T1D who
had microalbuminuria, the potential effect of gender

Table 2. Urine AOG in cases allocated to conventional or intensive
insulin treatment for at least 3 years

Clinical Parameters Conventional Intensive P Value
median (range) n=41 n = 58
Visit 5 5 0.39
(Years from start) (3-6) (3-6)
Age (yr) 30 30 0.94
(18-43) (18-44)
Gender 0.92
Males (%) 18 (44) 26 (45)
Females (%) 23 (56) 38 (65)
Disease durafion (mo) 129 164 0.19
(63-245) (65-252)
GFR (MI/min/1.73 m?) 122.9 121.07 0.48
(86.34-161) (96.61-147)
HbA1C (%) 8.9 7.05 <0.01
(6.5-12.6) (b6.7-9.2)
SBP (mm Hg) 116 117 0.96
(90-140) (90-158)
DBP (mm Hg) 74 70 0.11
(54-88) (54-88)
AER (mg/24h) 21.6 20.16 0.68
(5.8-145) (2.9-249)
Log AER (mg/24h) 3.07 3 0.68
(1.8-4.98) (1.1-5.5)
UAOG (ng/mg) 7.42 3.98 <0.01
(1.4-296) (0.4-96)
Log UAOG (ng/mg) 2 1.38 0.0047
(0.31-5.69) (—0.84 10 4.57)

AER, albumin excretion rate; AOG, urinary angiotensinogen; DBP, diastolic blood
pressure; GFR, glomerular filtration rate; HbA1lc, glycated hemoglobin; Log, logarithmic
transformation; SBP, systolic blood pressure.

Analysis by Wilcoxon rank sum test.

Kidney International Reports (2022) 7, 2657-2667
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Figure 4. (a) Urine AOG and (b) AER in the conventional versus intensive insulin treatment group at the same study visit more than 3 years
poststudy initiation (see Figure 1). AER, albumin excretion rate; uAOG, urine angiotensinogen.

differences and the potential effect of intensive insulin
therapy as compared to conventional insulin therapy. We
used urine samples from the NIDDK repository from
participants in the DCCT who had microalbuminuria at
the study initiation and controls who were normoalbu-
minuric throughout the study. The first finding was that
in participants who had AER in the microalbuminuric
range at the study initiation, uAOG (measured at the
earliest study visit when urine was available, on average 2
years post study initiation) was increased as compared to
matched controls in whom AER was in the normal range.
On further analysis this difference in uAOG was not seen
when AER had regressed to the normal range in 33 of the
103 cases who initially presented with microalbuminuria.
Consistent with our findings, the rate of conversion of
microalbuminuria to normoalbuminuria in T1D has pre-
viously been reported to occur in about one-third of pa-
tients with T1D."***” A similar conversion in uAOG can be
inferred from our study but cannot be established
because sequential urine samples were not available.
The finding that AOG is increased in patients with
T1D with microalbuminuria, though not new, is rele-
vant because of the unique characteristics of our
cohort. Specifically, the increase in uAOG was noted
very early in the course of T1D and in the absence of
medications that could alter AOG, such as RAS
blockers. AOG has been reported to be increased in the
urine of patients with type 1 and type 2 diabetes who
had albuminuria in the microalbuminuric or macro-
albuminuric range.'” *"**® These previous studies,
however, included patients with hypertension and
they were treated with antihypertensives, including
RAS blockers. In our study, all the patients with T1D
were not treated with RAS blockers for renoprotection,
because these agents were not used during the DCCT.
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This is important, because uAOG can be decreased by
RAS blockers and can be increased in patients with
hypertension.””"” " Study participants were not
overtly hypertensive, but it should be noted that even
early in the course of T1D, blood pressure may be
slightly elevated, particularly at night time as assessed
by 24 hour ambulatory blood pressure.’” In our study,
office SBP was slightly higher in patients with micro-
albuminuria than in those with normoalbuminuria.
After adjusting for SBP and DBP, uAOG still remained
higher in subjects in the microalbuminuric group (103
cases) than in normoalbuminuric group (103 controls).

Altogether, the data show that in the micro-
albuminuric stage of T1D, independently of blood
pressure and use of RAS blockers, uAOG excretion,
estimated by the uAOG/creatinine ratio, is increased.
Furthermore, the uAOG/creatinine was much lower in
the 33 subjects in whom AER had returned to normal as
compared to the 70 in whom microalbuminuria had
persisted. This suggests that the glomerular handling
of uAOG by the kidney is similar to that of albumin,
consistent with the fact that both proteins, are similar
in molecular size and therefore affected by the
glomerular injury that occurs early in T1D. Our study
moreover unraveled that gender and type of insulin
therapy can influence uAOG independently of AER
and glomerular injury as discussed in the next
paragraph.

That among subjects with TID and micro-
albuminuria, uAOG/creatinine is higher in females than
males, to our knowledge, has not been previously
described. AER was not different between males and
females, suggesting different production rates of AOG
rather than enhanced glomerular passage of AOG. The
higher levels of UAOG in females than in males with
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microalbuminuria, particularly in a young group of
females such as the participants in this study, is most
likely attributable to estrogen driven AOG synthesis. It
is known that estrogens increase uAOG/creatinine.’’
Estrogens increase transcription of the AOG gene
likely from a direct interaction between the 5’-flanking
region of the gene and the DNA-binding domains of
their cognate receptors.” Though we did not have
sufficient plasma samples to measure AOG, it has been
reported that in rat plasma, AOG is higher in females
than in males, consistent with increased liver synthesis
of AOG.” In addition, estrogens may induce intrarenal
production of AOG.”® Therefore, we surmise that
higher levels of uAOG found in females with T1D
largely reflects increased production of AOG by the
liver, the kidney, or both.

uAOG was lower in cases allocated to intensive in-
sulin therapy than in those in the conventional insulin
therapy, a finding that is novel in humans and that
unravels a possible effect of insulin on uAOG and
increased tubular synthesis because increased glomer-
ular passage alone would be expected to affect AER and
AOG to roughly the same extent.

The source of uAOG has been debated.'* ' *'**%>7>®
Though circulating liver-derived AOG is likely the
main source,© AOG produced in the proximal tubules
of the kidney contributes to uAOG as well.'* 12507 1
the absence of kidney disease, the glomerular passage of
AOG and albumin occurs, albeit in small amounts,'® and
then both proteins are reabsorbed in the proximal tu-
bule,””®° so normally the amount found in the urine is
very low. Therefore, any increases in uAOG in the
setting of increased albumin excretion could reflect al-
terations in the glomerular filtration barrier, impaired
proximal tubular reabsorption, or both. This, however,
does not exclude the possibility that increased uAOG
also reflects increased production of AOG by the liver or
the kidney. In fact, the higher levels of AOG in females
than in males with microalbuminuria, and in subjects on
conventional than those on intensive insulin therapy
suggests that AOG production by the liver, the kidney
or both can contribute to uAOG in T1D. This becomes
apparent in the microalbuminuric phase of the disease,
and it is not seen while AOG and AER are excreted in
smaller amounts as in normoalbuminuric subjects.

We surmise that the finding of reduced uAOG/
creatinine by intensive insulin therapy as compared to
conventional insulin therapy is best explained by
changes in AOG production by the kidney because
there were not significant changes in albumin excretion
between the 2 groups (Table 2). This postulation is
based on experimental work showing that formation of
AOG in the proximal tubule is regulated by insulin via
2 transcriptional factors (hnRNP F and hnRNP K) that

n
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normally repress kidney AOG synthesis.” Stimulation
of these ribonucleoproteins by sustained levels of in-
sulin in the intensive group may therefore explain the
lower levels of uAOG as a result of decreased AOG
synthesis. The improved metabolic control associated
with intensive insulin additionally may suppress AOG
synthesis because it is well known that high glucose
also increases AOG synthesis in cell models.”""**
Downregulation of AOG synthesis should lead to
decreased formation of Angiotensin II, the main bio-
logic peptide, in the proximal tubule.®”** It is therefore
possible that the well-known renoprotective effect of
improved glycemic control using intensive insulin
regimens is due, at least in part, to downregulation of
kidney AOG and consequently less activation of the
local kidney RAS.

It can also be inferred that a high level of uAOG
could be a biomarker of DKD progression. In a previous
longitudinal study, we showed that in people with T1D
uAOG increases before the development of stage 3
chronic kidney disease.”” Increased uAOG was also
associated with progressive renal decline, an index of
progression of end stage kidney disease.”” The
increased uAOG/creatinine may constitute a comple-
mentary biomarker of DKD progression, which pro-
vides information on the status of the RAS within the
kidney. A finding of increased levels of uAOG/creati-
nine may therefore provide a rationale for more
intensive insulin therapy and/or initiation of RAS
blockers early in the course of the disease.

In summary, uAOG/creatinine is increased in pa-
tients with T1D and microalbuminuria and the level is
higher in females than in males, likely reflecting
increased AOG production. Intensive insulin therapy
and its associated improved glycemic control are asso-
ciated with reduced uAOG, possibly reflecting
decreased intrarenal AOG synthesis as a contributing
mechanism to renoprotection.

DISCLOSURE

DB and JW are coinventors of patents entitled “Active low
molecular weight variants of angiotensin converting
enzyme 2 (ACE2),” “Active low molecular weight variants
of angiotensin converting enzyme 2 (ACE2) for the
treatment of diseases and conditions of the eye,” and
“Soluble ACE2 variants and uses therefor.” DB is
founder of Angiotensin Therapeutics, Inc. DB received
consulting fees from AstraZeneca and Advicenne Inc., all
unrelated to this work. During the conduct of these
studies, DB received unrelated support from a grant from
AstraZeneca and research funding from the Feinberg
Foundation. All other authors declare no conflicting
interests.

Kidney International Reports (2022) 7, 2657-2667



J Navarro et al.: Urinary angiotensinogen in T1D: Effect of Insulin

ACKNOWLEDGMENTS

DB is the guarantor of this paper taking full responsibility
for the work as a whole, including the study design, access
to data, and the decision to submit and publish the
manuscript.

Funding

This work was supported by National Institute of Diabetes
and Digestive and Kidney Diseases grant R01DK104785
and by National Institutes of Health National Institute of
Allergy and Infectious Diseases [Grant 1R21AI166940-01] as
well as by a gift to Northwestern University by the Joseph
and Bessie Feinberg Foundation (DB).

SUPPLEMENTARY MATERIAL

Supplementary File (PDF)

Figure S1. Albumin excretion rate (AER) at the DCCT study
initiation visit in 103 patients with microalbuminuria
(cases) and 103 patients with normoalbuminuria
(Controls).

Figure S2. Urine AOG levels in males and females with
microalbuminuria in the intensive and conventional
insulin therapy group.

Table S1. Characteristics of cases and controls at study
initiation visit.

Table S2. Subset analysis restricted to cases with
persistent microalbuminuria at study visit and controls.
Table S3. Characteristics males and females cases with
microalbuminuria.

Table S4. Characteristics of controls in the conventional
versus intensive treatment in normoalbuminuric patients.

REFERENCES

1. Anderson S, Rennke HG, Brenner BM. Therapeutic advantage
of converting enzyme inhibitors in arresting progressive renal
disease associated with systemic hypertension in the rat.
J Clin Invest. 1986;77:1993-2000. https://doi.org/10.1172/
JCI112528

2. Raij L. The pathophysiologic basis for blocking the renin-
angiotensin system in hypertensive patients with renal dis-
ease. Am J Hypertens. 2005;18:955-99S. https://doi.org/10.
1016/j.amjhyper.2004.11.040

3. Cortinovis M, Ruggenenti P, Remuzzi G. Progression, remis-
sion and regression of chronic renal diseases. Nephron.
2016;134:20-24. https://doi.org/10.1159/000445844

4. Brenner BM, Cooper ME, de Zeeuw D, et al. Effects of losartan
on renal and cardiovascular outcomes in patients with type 2
diabetes and nephropathy. N Engl J Med. 2001;345:861-869.
https://doi.org/10.1056/NEJM0a011161

5. de Zeeuw D, Remuzzi G, Parving HH, et al. Albuminuria, a
therapeutic target for cardiovascular protection in type 2
diabetic patients with nephropathy. Circulation. 2004;110:
921-927. https://doi.org/10.1161/01.CIR.0000139860.33974.28

6. Gurley SB, Coffman TM. The renin-angiotensin system and
diabetic nephropathy. Semin Nephrol. 2007;27:144-152.
https://doi.org/10.1016/j.semnephrol.2007.01.009

Kidney International Reports (2022) 7, 2657-2667

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

CLINICAL RESEARCH

Lewis EJ, Hunsicker LG, Bain RP, Rohde RD. The effect of
angiotensin-converting-enzyme inhibition on diabetic ne-
phropathy. The collaborative study group. N Engl J Med.
1993;329:1456-1462. https://doi.org/10.1056/NEJM 1993111132
92004

Siragy HM, Carey RM. Role of the intrarenal renin-angiotensin-
aldosterone system in chronic kidney disease. Am J Nephrol.
2010;31:541-550. https://doi.org/10.1159/000313363

Thomas MC, Brownlee M, Susztak K, et al. Diabetic kidney
disease. Nat Rev Dis Primers. 2015;1:15018. https://doi.org/10.
1038/nrdp.2015.18

Kelly DJ, Wilkinson-Berka JL, Allen TJ, et al. A new model of
diabetic nephropathy with progressive renal impairment in
the transgenic (mRen-2)27 rat (TGR). Kidney Int. 1998;54:343—
352. https://doi.org/10.1046/j.1523-1755.1998.00019.x

Lovshin JA, Boulet G, Lytvyn Y, et al. Renin-angiotensin-aldo-
sterone system activation in long-standing type 1 diabetes. JC/
Insight. 2018;3. https://doi.org/10.1172/jci.insight.96968

Sheng X, Guan Y, Ma Z, et al. Mapping the genetic architec-
ture of human traits to cell types in the kidney identifies
mechanisms of disease and potential treatments. Nat Genet.
2021,;53:1322-1333. https://doi.org/10.1038/s41588-021-
00909-9

Katsurada A, Hagiwara Y, Miyashita K, et al. Novel sandwich
ELISA for human angiotensinogen. Am J Physiol Ren Physiol.
2007;293:F956-F960. https://doi.org/10.1152/ajprenal.00090.
2007

Ingelfinger JR, Zuo WM, Fon EA, et al. In situ hybridization
evidence for angiotensinogen messenger RNA in the rat
proximal tubule. An hypothesis for the intrarenal renin
angiotensin system. J Clin Invest. 1990;85:417-423. https:/
doi.org/10.1172/JCI114454

Reinhold SW, Kruger B, Barner C, et al. Nephron-specific
expression of components of the renin-angiotensin-
aldosterone system in the mouse kidney. J Renin Angio-
tensin Aldosterone Syst. 2012;13:46-55. https://doi.org/10.
1177/1470320311432184

Nakano D, Kobori H, Burford JL, et al. Multiphoton imaging of
the glomerular permeability of angiotensinogen. J Am Soc
Nephrol. 2012;23:1847-1856. https://doi.org/10.1681/ASN.
2012010078

Everett AD, Scott J, Wilfong N, et al. Renin and angio-
tensinogen expression during the evolution of diabetes.
Hypertension. 1992;19:70-78. https://doi.org/10.1161/01.hyp.
19.1.70

Matsusaka T, Niimura F, Shimizu A, et al. Liver angiotensi-
nogen is the primary source of renal angiotensin Il. J Am Soc
Nephrol. 2012;23:1181-1189. https://doi.org/10.1681/ASN.
2011121159

Mills KT, Kobori H, Hamm LL, et al. Increased urinary excre-
tion of angiotensinogen is associated with risk of chronic
kidney disease. Nephrol Dial Transplant. 2012;27:3176-3181.
https://doi.org/10.1093/ndt/gfs011

Afkarian M, Hirsch IB, Tuttle KR, et al. Urinary excretion of RAS,
BMP, and WNT pathway components in diabetic kidney disease.
Physiol Rep. 2014;2:€12010. https://doi.org/10.14814/phy2.12010

Satirapoj B, Siritaweesuk N, Supasyndh O. Urinary angiotensi-
nogen as a potential biomarker of diabetic nephropathy. Clin
Kidney J. 2014;7:354-360. https://doi.org/10.1093/ckj/sfu059

2665



https://doi.org/10.1016/j.ekir.2022.09.010
https://doi.org/10.1172/JCI112528
https://doi.org/10.1172/JCI112528
https://doi.org/10.1016/j.amjhyper.2004.11.040
https://doi.org/10.1016/j.amjhyper.2004.11.040
https://doi.org/10.1159/000445844
https://doi.org/10.1056/NEJMoa011161
https://doi.org/10.1161/01.CIR.0000139860.33974.28
https://doi.org/10.1016/j.semnephrol.2007.01.009
https://doi.org/10.1056/NEJM199311113292004
https://doi.org/10.1056/NEJM199311113292004
https://doi.org/10.1159/000313363
https://doi.org/10.1038/nrdp.2015.18
https://doi.org/10.1038/nrdp.2015.18
https://doi.org/10.1046/j.1523-1755.1998.00019.x
https://doi.org/10.1172/jci.insight.96968
https://doi.org/10.1038/s41588-021-00909-9
https://doi.org/10.1038/s41588-021-00909-9
https://doi.org/10.1152/ajprenal.00090.2007
https://doi.org/10.1152/ajprenal.00090.2007
https://doi.org/10.1172/JCI114454
https://doi.org/10.1172/JCI114454
https://doi.org/10.1177/1470320311432184
https://doi.org/10.1177/1470320311432184
https://doi.org/10.1681/ASN.2012010078
https://doi.org/10.1681/ASN.2012010078
https://doi.org/10.1161/01.hyp.19.1.70
https://doi.org/10.1161/01.hyp.19.1.70
https://doi.org/10.1681/ASN.2011121159
https://doi.org/10.1681/ASN.2011121159
https://doi.org/10.1093/ndt/gfs011
https://doi.org/10.14814/phy2.12010
https://doi.org/10.1093/ckj/sfu059

CLINICAL RESEARCH

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

2666

Wysocki J, Goodling A, Burgaya M, et al. Urine RAS com-
ponents in mice and people with type 1 diabetes and chronic
kidney disease. Am J Physiol Ren Physiol. 2017;313:F487-
F494. https://doi.org/10.1152/ajprenal.00074.2017

Yamamoto T, Nakagawa T, Suzuki H, et al. Urinary angio-
tensinogen as a marker of intrarenal angiotensin Il activity
associated with deterioration of renal function in patients
with chronic kidney disease. J Am Soc Nephrol. 2007;18:
1558-1565. https://doi.org/10.1681/ASN.2006060554

Kobori H, Alper AB Jr, Shenava R, et al. Urinary angiotensi-
nogen as a novel biomarker of the intrarenal renin-
angiotensin system status in hypertensive patients. Hyper-
tension. 2009;53:344-350. https://doi.org/10.1161/HYPER-
TENSIONAHA.108.123802

Kobori H, Ohashi N, Katsurada A, et al. Urinary angiotensi-
nogen as a potential biomarker of severity of chronic kidney
diseases. J Am Soc Hypertens. 2008;2:349-354. https:/doi.
org/10.1016/j.jash.2008.04.008

Ogawa S, Kobori H, Ohashi N, et al. Angiotensin Il type 1 re-
ceptor blockers reduce urinary angiotensinogen excretion and
the levels of urinary markers of oxidative stress and inflam-
mation in patients with type 2 diabetic nephropathy. Biomark
Insights. 2009;4:97-102. https://doi.org/10.4137/bmi.s2733

van den Heuvel M, Batenburg WW, Jainandunsing S, et al.
Urinary renin, but not angiotensinogen or aldosterone, re-
flects the renal renin-angiotensin-aldosterone system activity
and the efficacy of renin-angiotensin-aldosterone system
blockade in the kidney. J Hypertens. 2011;29:2147-2155.
https://doi.org/10.1097/HJH.0b013e32834bbcbf

Kobori H, Nishiyama A, Harrison-Bernard LM, Navar LG.
Urinary angiotensinogen as an indicator of intrarenal angio-
tensin status in hypertension. Hypertension. 2003;41:42-49.
https://doi.org/10.1161/01.hyp.0000050102.90932.cf

Jung CY, Yoo TH. Urinary angiotensinogen as a marker of
elevated blood pressure in patients with chronic kidney dis-
ease. Korean J Intern Med. 2021;36:541-543. https://doi.org/
10.3904/kjim.2021.188

Lo CS, Chang SY, Chenier |, et al. Heterogeneous nuclear
ribonucleoprotein F suppresses angiotensinogen gene
expression and attenuates hypertension and kidney injury in
diabetic mice. Diabetes. 2012;61:2597-2608. https://doi.org/
10.2337/db11-1349

Zhang SL, Tang SS, Chen X, et al. High levels of glucose
stimulate angiotensinogen gene expression via the P38
mitogen-activated protein kinase pathway in rat kidney
proximal tubular cells. Endocrinology. 2000;141:4637-4646.
https://doi.org/10.1210/endo.141.12.7844

Zhang SL, Filep JG, Hohman TC, et al. Molecular mechanisms
of glucose action on angiotensinogen gene expression in rat
proximal tubular cells. Kidney Int. 1999;55:454-464. https:/
doi.org/10.1046/j.1523-1755.1999.00271.x

Ghosh A, Abdo S, Zhao S, et al. Insulin inhibits Nrf2 gene
expression via heterogeneous nuclear ribonucleoprotein F/K
in diabetic mice. Endocrinology. 2017;158:903-919. https://
doi.org/10.1210/en.2016-1576

Chen X, Zhang SL, Pang L, et al. Characterization of a putative
insulin-responsive element and its binding protein(s) in rat
angiotensinogen gene promoter: regulation by glucose and
insulin. Endocrinology. 2001;142:2577-2585. https://doi.org/
10.1210/end0.142.6.8214

J Navarro et al.: Urinary angiotensinogen in T1D: Effect of Insulin

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45,

46.

47.

48.

49.

Wei CC, Guo DF, Zhang SL, et al. Heterogenous nuclear ribo-
nucleoprotein F modulates angiotensinogen gene expression
in rat kidney proximal tubular cells. J Am Soc Nephrol.
2005;16:616-628. https:/doi.org/10.1681/ASN.2004080715

Wei CC, Zhang SL, Chen YW, et al. Heterogeneous nuclear
ribonucleoprotein K modulates angiotensinogen gene
expression in kidney cells. J Biol Chem. 2006;281:25344—
25355. https://doi.org/10.1074/jbc.M601945200

Zhang SL, Chen X, Hsieh TJ, et al. Hyperglycemia induces
insulin resistance on angiotensinogen gene expression in
diabetic rat kidney proximal tubular cells. J Endocrinol.
2002;172:333-344. https://doi.org/10.1677/joe.0.1720333

Schunkert H, Ingelfinger JR, Jacob H, et al. Reciprocal feed-
back regulation of kidney angiotensinogen and renin mRNA
expressions by angiotensin Il. Am J Physiol. 1992;263:E863-
E869. https://doi.org/10.1152/ajpendo.1992.263.5.E863

Lasker RD. The diabetes control and complications trial. Im-
plications for policy and practice. N Engl J Med. 1993;329:
1035-1036. https://doi.org/10.1056/NEJM199309303291410

Nathan DM, Genuth S, Lachin J, et al. The effect of intensive
treatment of diabetes on the development and progression of
long-term complications in insulin-dependent diabetes mel-
litus. N Engl J Med. 1993;329:977-986. https://doi.org/10.1056/
NEJM199309303291401

Lopes-Virella MF, Carter RE, Gilbert GE, et al. Risk factors
related to inflammation and endothelial dysfunction in the
DCCT/EDIC cohort and their relationship with nephropathy
and macrovascular complications. Diabetes Care. 2008;31:
2006-2012. https://doi.org/10.2337/dc08-0659

Lopes-Virella MF, Baker NL, Hunt KJ, et al. Baseline markers
of inflammation are associated with progression to macro-
albuminuria in type 1 diabetic subjects. Diabetes Care.
2013;36:2317-2323. https://doi.org/10.2337/dc12-2521

Jaffa AA, Durazo-Arvizu R, Zheng D, et al. Plasma pre-
kallikrein: a risk marker for hypertension and nephropathy in
type 1 diabetes. Diabetes. 2003;52:1215-1221. https://doi.org/
10.2337/diabetes.52.5.1215

Jaffa AA, Usinger WR, McHenry MB, et al. Connective tissue
growth factor and susceptibility to renal and vascular disease
risk in type 1 diabetes. J Clin Endocrinol Metab. 2008;93:
1893-1900. https://doi.org/10.1210/jc.2007-2544

Bilous R, Chaturvedi N, Sjolie AK, et al. Effect of candesartan
on microalbuminuria and albumin excretion rate in diabetes:
three randomized trials. Ann Intern Med. 2009;151:11-14.
https://doi.org/10.7326/0003-4819-151-1-200907070-00120

Perkins BA, Ficociello LH, Silva KH, et al. Regression of
microalbuminuria in type 1 diabetes. N Engl J Med. 2003;348:
2285-2293. https://doi.org/10.1056/NEJM0a021835

Jansson FJ, Forsblom C, Harjutsalo V, et al. Regression of
albuminuria and its association with incident cardiovascular
outcomes and mortality in type 1 diabetes: the FinnDiane
Study. Diabetologia. 2018;61:1203-1211. https://doi.org/10.
1007/s00125-018-4564-8

Saito T, Urushihara M, Kotani Y, et al. Increased urinary
angiotensinogen is precedent to increased urinary albumin in
patients with type 1 diabetes. Am J Med Sci. 2009;338:478-
480. https://doi.org/10.1097/MAJ.0b013e3181b90c25

Roksnoer LC, Verdonk K, van den Meiracker AH, et al. Urinary
markers of intrarenal renin-angiotensin system activity

Kidney International Reports (2022) 7, 2657-2667


https://doi.org/10.1152/ajprenal.00074.2017
https://doi.org/10.1681/ASN.2006060554
https://doi.org/10.1161/HYPERTENSIONAHA.108.123802
https://doi.org/10.1161/HYPERTENSIONAHA.108.123802
https://doi.org/10.1016/j.jash.2008.04.008
https://doi.org/10.1016/j.jash.2008.04.008
https://doi.org/10.4137/bmi.s2733
https://doi.org/10.1097/HJH.0b013e32834bbcbf
https://doi.org/10.1161/01.hyp.0000050102.90932.cf
https://doi.org/10.3904/kjim.2021.188
https://doi.org/10.3904/kjim.2021.188
https://doi.org/10.2337/db11-1349
https://doi.org/10.2337/db11-1349
https://doi.org/10.1210/endo.141.12.7844
https://doi.org/10.1046/j.1523-1755.1999.00271.x
https://doi.org/10.1046/j.1523-1755.1999.00271.x
https://doi.org/10.1210/en.2016-1576
https://doi.org/10.1210/en.2016-1576
https://doi.org/10.1210/endo.142.6.8214
https://doi.org/10.1210/endo.142.6.8214
https://doi.org/10.1681/ASN.2004080715
https://doi.org/10.1074/jbc.M601945200
https://doi.org/10.1677/joe.0.1720333
https://doi.org/10.1152/ajpendo.1992.263.5.E863
https://doi.org/10.1056/NEJM199309303291410
https://doi.org/10.1056/NEJM199309303291401
https://doi.org/10.1056/NEJM199309303291401
https://doi.org/10.2337/dc08-0659
https://doi.org/10.2337/dc12-2521
https://doi.org/10.2337/diabetes.52.5.1215
https://doi.org/10.2337/diabetes.52.5.1215
https://doi.org/10.1210/jc.2007-2544
https://doi.org/10.7326/0003-4819-151-1-200907070-00120
https://doi.org/10.1056/NEJMoa021835
https://doi.org/10.1007/s00125-018-4564-8
https://doi.org/10.1007/s00125-018-4564-8
https://doi.org/10.1097/MAJ.0b013e3181b90c25

J Navarro et al.: Urinary angiotensinogen in T1D: Effect of Insulin

50.

51.

52.

53.

54,

55.

56.

57.

in vivo. Curr Hypertens Rep. 2013;15:81-88. https://doi.org/10.
1007/s11906-012-0326-z

Siragy HM, Howell NL, Ragsdale NV, Carey RM. Renal inter-
stitial fluid angiotensin. Modulation by anesthesia, epineph-
rine, sodium depletion, and renin inhibition. Hypertension.
1995;25:1021-1024. https://doi.org/10.1161/01.hyp.25.5.1021

Kobori H, Prieto-Carrasquero MC, Ozawa Y, Navar LG. AT1 re-
ceptor mediated augmentation of intrarenal angiotensinogen in
angiotensin ll-dependent hypertension. Hypertension. 2004;43:
1126-1132. https://doi.org/10.1161/01.HYP.0000122875.91100.28

Lurbe E, Redon J, Kesani A, et al. Increase in nocturnal blood
pressure and progression to microalbuminuria in type 1
diabetes. N Engl J Med. 2002;347:797-805. https://doi.org/10.
1056/NEJMo0a013410

Deschepper CF. Angiotensinogen: hormonal regulation and
relative importance in the generation of angiotensin Il. Kidney
Int. 1994,;46:1561-1563. https://doi.org/10.1038/ki.1994.446

Feldmer M, Kaling M, Takahashi S, et al. Glucocorticoid- and
estrogen-responsive elements in the 5'-flanking region of the
rat angiotensinogen gene. J Hypertens. 1991;9:1005-1012.
https://doi.org/10.1097/00004872-199111000-00005

Hong-Brown LQ, Deschepper CF. Regulation of the angio-
tensinogen gene by estrogens in rat liver and different brain
regions. Proc Soc Exp Biol Med. 1993;203:467-473. https:/
doi.org/10.3181/00379727-203-43624

Gordon MS, Chin WW, Shupnik MA. Regulation of angio-
tensinogen gene expression by estrogen. J Hypertens. 1992;10:
361-366. https://doi.org/10.1097/00004872-199204000-00007

Kobori H, Harrison-Bernard LM, Navar LG. Urinary excretion
of angiotensinogen reflects intrarenal angiotensinogen pro-
duction. Kidney Int. 2002;61:579-585. https://doi.org/10.1046/j.
1523-1755.2002.00155.x

Kidney International Reports (2022) 7, 2657-2667

58.

59.

60.

61.

62.

63.

64.

65.

CLINICAL RESEARCH

Herrmann HC, Dzau VJ. The feedback regulation of angio-
tensinogen production by components of the renin-
angiotensin system. Circ Res. 1983;52:328-334. https:/doi.
org/10.1161/01.res.52.3.328

SunY, Lu X, Danser AHJ. Megalin: a novel determinant of renin-
angiotensin system activity in the kidney? Curr Hypertens Rep.
2020;22:30. https://doi.org/10.1007/s11906-020-01037-1

Pohl M, Kaminski H, Castrop H, et al. Intrarenal renin angio-
tensin system revisited: role of megalin-dependent endocy-
tosis along the proximal nephron. J Biol Chem. 2010;285:
41935-41946. https://doi.org/10.1074/jbc.M110.150284

Hsieh TJ, Fustier P, Zhang SL, et al. High glucose stimulates
angiotensinogen gene expression and cell hypertrophy via
activation of the hexosamine biosynthesis pathway in rat
kidney proximal tubular cells. Endocrinology. 2003;144:4338—
4349. https://doi.org/10.1210/en.2003-0220

Singh R, Singh AK, Alavi N, Leehey DJ. Mechanism of
increased angiotensin Il levels in glomerular mesangial cells
cultured in high glucose. J Am Soc Nephrol. 2003;14:873-880.
https://doi.org/10.1097/01.asn.0000060804.40201.6e

Li XC, Zhuo JL. Recent updates on the proximal tubule renin-
angiotensin system in angiotensin ll-dependent hyperten-
sion. Curr Hypertens Rep. 2016;18:63. https://doi.org/10.1007/
s$11906-016-0668-z

Navar LG, Kobori H, Prieto MC, Gonzalez-Villalobos RA.
Intratubular renin-angiotensin system in hypertension. Hy-
pertension. 2011;57:355-362. https://doi.org/10.1161/HYPER-
TENSIONAHA.110.163519

Ba Ageel S, Ye M, Wysocki J, et al. Urinary angiotensinogen
antedates the development of stage 3 CKD in patients with
type 1 diabetes mellitus. Physiol Rep. 2019;7:€14242. https:/
doi.org/10.14814/phy2.14242

2667



https://doi.org/10.1007/s11906-012-0326-z
https://doi.org/10.1007/s11906-012-0326-z
https://doi.org/10.1161/01.hyp.25.5.1021
https://doi.org/10.1161/01.HYP.0000122875.91100.28
https://doi.org/10.1056/NEJMoa013410
https://doi.org/10.1056/NEJMoa013410
https://doi.org/10.1038/ki.1994.446
https://doi.org/10.1097/00004872-199111000-00005
https://doi.org/10.3181/00379727-203-43624
https://doi.org/10.3181/00379727-203-43624
https://doi.org/10.1097/00004872-199204000-00007
https://doi.org/10.1046/j.1523-1755.2002.00155.x
https://doi.org/10.1046/j.1523-1755.2002.00155.x
https://doi.org/10.1161/01.res.52.3.328
https://doi.org/10.1161/01.res.52.3.328
https://doi.org/10.1007/s11906-020-01037-1
https://doi.org/10.1074/jbc.M110.150284
https://doi.org/10.1210/en.2003-0220
https://doi.org/10.1097/01.asn.0000060804.40201.6e
https://doi.org/10.1007/s11906-016-0668-z
https://doi.org/10.1007/s11906-016-0668-z
https://doi.org/10.1161/HYPERTENSIONAHA.110.163519
https://doi.org/10.1161/HYPERTENSIONAHA.110.163519
https://doi.org/10.14814/phy2.14242
https://doi.org/10.14814/phy2.14242

	Urinary Angiotensinogen in Patients With Type 1 Diabetes With Microalbuminuria: Gender Differences and Effect of Intensive  ...
	Methods
	Study Design
	uAOG
	Statistical Analysis

	Results
	uAOG in Patients With Microalbuminuria (Cases) and Normoalbuminuria (Controls)
	uAOG in Cases in Whom AER Remained in the Microalbuminuric Range
	uAOG in Males and Females
	uAOG in Patients Allocated to Conventional Versus Intensive Insulin Treatment

	Discussion
	Disclosure
	Acknowledgments
	Funding
	Supplementary Material
	References


