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ABSTRACT
Background and objectives: A lower urinary pH
(UpH) is closely linked to diabetes. However, its
relation to diabetic renovascular damage is unclear.
This study aimed to identify the relationship between
UpH and the exacerbation of diabetic renovascular
disorders.
Methods: This is a 10-year observational study
targeting 400 outpatients with diabetes who registered
in 2003. We investigated the relationship between UpH
in 2003 and renovascular damage from 2003 to 2013.
Results: A total of 350 participants were eligible for
the analysis. During their 10-year outpatient treatment,
a decrease was seen in glycated hemoglobin levels,
blood pressure, and estimated glomerular filtration
rates (eGFRs), and an increase was seen in their
urinary albumin–creatinine ratios (ACRs), uric acid (UA)
levels, and intima-media thickness (IMT). UpH
negatively correlated with urinary 8-hydroxy-20-
deoxyguanosine (8-OHdG), body mass index, UA, and
ACR, and positively correlated with eGFR. The results
of a multiple regression analysis showed that the
independent risk factors for UpH were 8-OHdG, UA,
eGFR, and ACR. UpH also negatively correlated with
the percent change in IMT (%IMT), the percent change
in pulse wave velocity (%PWV), and the change in log
ACR (Δlog ACR), and positively correlated with the
percent change in eGFR. A multiple regression analysis
revealed that UpH was an independent risk factor for
the %IMT, %PWV and Δlog ACR. Obese patients with
low UpH values frequently suffered from sleep apnea
syndrome.
Conclusions: These results suggest that UpH is a
useful marker for predicting the onset of renovascular
disorder in patients with diabetes.

INTRODUCTION
Lower urinary pH (UpH), which is common
among complicated case patients such as
obesity and chronic kidney disease (CKD),
contributes to precipitation of uric acid (UA)
in the urine.1 For UA to precipitate in the
urine, either the urinary concentration of
UA must rise past its saturation point or the
UpH must drop. The serum UA concentra-
tion is elevated in patients with metabolic
syndrome.2 Low UpH is closely linked to the

accumulation of visceral fat, insulin resist-
ance (IR), methylglyoxal concentration, and
hypertension.1 It is also strongly related to
increases in intrarenal oxidative stress (OS)
and the acceleration of the renin-angiotensin
system (RAS).1

A decrease in UpH occurs because of an
increased supply of hydrogen ions (H+) to
the urine, or decreased elimination of
urinary H+. The former occurs because of
increased blood H+ (acidosis) or increased
H+ secretion from the renal tubules to the
urine, whereas the latter occurs because of a
reduction in the supply of ammonium
(NH3) to the urine. Acidosis takes various
forms, such as respiratory acidosis and meta-
bolic acidosis. In diabetics, decreased urinary
NH3 contributes to a drop in UpH.3

Researchers have reported that a decrease
in UpH is a predictive factor for CKD,4 that
a lower UpH reinforces OS inside the renal
tubules via albumin reabsorption, mediated
by the reinforcement of proline-rich tyrosine
kinase 2,5 and that when UpH is elevated via
the administration of sodium bicarbonate,
the incidence of initiation of dialysis in CKD
is reduced.6 These reports strongly suggest
that a lower UpH is closely linked to
the advancement of renovascular damage.
However, there are very few studies in
patients with diabetes that examine the rela-
tionship between lower UpH and the
advancement of renovascular damage. We

Key messages

▪ A lower urinary pH is closely linked to diabetes,
as well as to the exacerbation of diabetic reno-
vascular disorders.

▪ A lower urinary pH is closely linked to the meta-
bolic syndrome and hyperuricemia, and also
strongly related to increases in intrarenal oxida-
tive stress.

▪ The mechanism that lower urinary pH takes part
in the progress of diabetic renovascular disor-
ders has not been clarified.
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therefore examined the influence of lowered UpH on
the 10-year progression of renovascular disorders.

METHODS
This is a prospective observational cohort study targeting
400 patients with diabetes who registered between
January and March 2003. We finalized the baseline data
(taken at the start of the observation) using the values
obtained at the clinical examinations performed at the
time of registration between January and March 2003
(collection of first morning urine and spot blood draw),
as well as the values of the clinical tests performed once
every 3 or 4 months during a 1-year period from April
2003 to March 2004 (spot urine and spot blood draw).
For urinary 8-hydroxy-20-deoxyguanosine (8-OHdG: an
OS marker), waist circumference (WC), pulse wave vel-
ocity (PWV), and intima-media thickness (IMT), the
values measured at the time of registration in 2003 were
employed as the baseline values. For data other than
these, the average value of the measurements taken at
the time of registration and the three measurements
obtained once every 3–4 months within the subsequent
year (a total of 4 measurement values, including the
data at the time of registration) were used as the base-
line (2003–2004) data. This process was used to minim-
ize deviations in the UpH values, which are liable to
fluctuate and are influenced by meals and exercise, and
in body weight and estimated glomerular filtration rate
(eGFR), which show large seasonal fluctuations.
Likewise, the average value of the first morning urine
collection and spot blood draw, taken just once between
January 2012 and March 2013, and the three data mea-
surements obtained at an interval of 3–4 months within
the subsequent year (spot urine collection and spot
blood draw: a total of 4 measurement values) were used
as the 2013 end point data. WC, PWV, and IMT were
measured just once at the end point between January
2012 and March 2013. The items measured during
regular medical examinations included body mass index
(BMI), blood pressure (BP), heart rate, a urine test,
liver function, renal function, UA, a peripheral blood
test, casual blood glucose (BG), glycated hemoglobin
(HbA1c), serum lipids, electrolytes, and the urinary
albumin–creatinine ratio (ACR). The details are shown
in table 1. The treatment with drugs believed to affect
renovascular disorders and the changes in the adminis-
tration of these drugs between March 2004 and March
2013 were investigated and are shown in table 2.
UpH was measured using an AX-4030 (ARKRAY, Inc,

Kyoto, Japan), a fully automated urine analyzer with a
preset test paper. The first morning urine was collected
after a fasting period of more than 12 h. To minimize
the influence of meals, exercise, seasonal fluctuations,
etc, we averaged the four UpH values collected every
3 months during the course of a year and designated it
as the UpH for that particular year. We asked the partici-
pants to restrict themselves to either a diabetic diet or a

renal diet that complied with various instructions 48–
72 h before examination, and prohibited them from
engaging in strenuous physical exercise.
Sleep apnea syndrome (SAS) was diagnosed as appro-

priate based on patient reports of night-time apnea,
snoring, daytime somnolence, and dissatisfaction with
sleep, and the participants were referred to specialists as
needed. Fatty liver was diagnosed by specialists using
abdominal echo and/or CT.
This study complied with the Helsinki Declaration and

was conducted with the approval of the Medical Ethics
Committee of Tohoku University. All participants pro-
vided their full informed consent.

STATISTICAL ANALYSIS
We are planning a study of a continuous response vari-
able from independent control and experimental parti-
cipants with 1 control(s) per experimental participant.
In a previous study, the response within each participant
group was normally distributed with an SD of 20. If the
true difference in the experimental and control means
is 6, we will need to study 175 experimental participants
and 175 control participants to be able to reject the null
hypothesis that the population means of the experimen-
tal and control groups are equal with a probability
(power) of 0.8. The type I error probability associated
with this test of this null hypothesis is 0.05.
Numerical values that were normally distributed are

presented as the mean±SD, and those that were not nor-
mally distributed are presented as the median (range).
To compare the values at baseline and end point,
Student t test was used for data sets that had a normal
distribution and the Wilcoxon signed-rank test was used
for those that did not. The χ2 test was used to compare
the rates of drug administration, and the Spearman test
was used to study correlations. Furthermore, a multiple
regression analysis was performed with UpH as the
dependent variable and the items that were individually
correlated with UpH as the independent variables.
Additional multiple regression analyses were performed
that used the change in log ACR (Δlog ACR), the
percent change in eGFR (%eGFR), the percent change
in PWV (%PWV), and the percent change in IMT
(%IMT) between the baseline and end point each as
dependent variables, and the independent variables
individually correlated with the respective dependent
variables. For all tests, p<0.05 was regarded as significant.

RESULTS
During the 10-year period, 50 patients dropped out of
the study (n=350). Seven died; 15 were transferred to
other institutions; 2 withdrew their consent to be
enrolled in the study; 16 went missing; and 10 had
missing data. This large number of dropout cases is
likely to have been due to the Great East Japan
Earthquake of 2011.
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Table 1 shows the subjects’ demographic and clinical
data at the baseline and end point. Compared with the
baseline, at the end point, a reduction was seen in
the values of HbA1c (National Glycohemoglobin
Standardization Program (NGSP) value), systolic BP
(SBP), diastolic BP, heart rate, eGFR, sodium (Na+),
serum high-density lipoprotein cholesterol (HDL-C),
serum total protein, and platelets (Plt), while an increase
was seen in the values of blood urea nitrogen (BUN),
ACR, serum UA, alanine aminotransferase (ALT), aspar-
tate transaminase (AST), chloride (Cl–), hemoglobin,
and IMT. The values of BMI, WC, PWV, and ankle bra-
chial index (ABI), etc, remained unchanged.
Table 2 shows the drugs that the participants were

taking at the baseline and the end point. Compared
with the baseline, the number of drug administrations
increased at the end point for almost all treatment
drugs, except sulfonylurea, with treatment having been
reinforced. Regarding RAS inhibitors (RASIs), calcium

channel blockers, and diuretics, the number of concomi-
tant therapies using two or more such drugs increased.
Table 3 shows the individual correlations between

baseline UpH and each measurement item during the
same period. A negative correlation was found between
UpH and 8-OHdG, BMI, WC, UA, ACR, heart rate,
BUN, ALT, AST, Cl−, Na+/Cl– ratio, white cell count
(WCC), the number of RASIs taken, the number of
drugs taken at the baseline, the number of drugs taken
at the end point, and the changes in the number of
drugs taken from the baseline to the end point. A posi-
tive correlation was seen between UpH and eGFR. We
therefore conducted a multiple regression analysis,
using UpH as the dependent variable and the factors
that were correlated with UpH as the independent vari-
ables. This analysis found that the independent factors
associated with UpH were 8-OHdG, UA, eGFR, ACR,
heart rate, and the number of RASIs taken (see online
supplementary table S1).

Table 1 The study participants’ demographic and clinical data at the baseline and end point

Baseline (2003–2004) End point (2012–2013) p Value

Age (years) 53.7±13.6 – –

Gender (M/F) 157/193 – –

Duration (years) 11.8±7.8 – –

BMI (kg/m2) 25.5±5.0 25.5±5.0 0.802

WC (cm) 91.9±13.9 91.9±13.6 0.983

UpH 6.0±0.8 6.2±2.6 0.201

PG (mg/dL) 129.0±48.0 119.4±19.2 0.734

HbA1c (%) 6.9±1.1 6.5±0.5 0.0042

SBP (mm Hg) 134.5±18.6 128.0±10.9 <0.0001

DBP (mm Hg) 80.1±10.3 76.4±7.2 <0.0001

Heart rate (bpm) 73.0±14.1 70.4±8.5 <0.0001

TC (mg/dL) 188.3±34.5 192.8±25.7 0.257

TG (mg/dL) 120.6±70.2 114.8±52.1 0.583

HDL-C (mg/dL) 55.7±15.8 57.5±15.3 0.019

BUN (mg/dL) 19.6±9.9 25.5±16.7 <0.0001

eGFR (mL/min/1.73 m2) 72.7±19.8 55.5±16.2 <0.0001

ACR (mg/g Cre) 24.8 (0.0–4735.6) 55.1 (3.8–4999.5) <0.0001

UA (mg/dL) 6.2±1.7 6.5±1.4 0.046

ALT (U/L) 23.6±22.6 26.9±15.2 <0.0001

AST (U/L) 25.2±16.0 25.7±9.6 <0.0001

K+ (mEq/L) 4.4±0.5 4.5±0.5 0.676

Na+ (mEq/L) 140.8±2.3 139.9±2.6 0.0142

Cl− (mEq/L) 103.6±3.2 105.4±4.6 0.0002

TP (g/dL) 7.2±0.5 7.1±0.3 0.0018

Hb (g/dL) 12.8±1.7 13.1±1.3 0.0030

Plt (104/μL) 22.5±6.6 18.0±10.7 0.0003

WCC (103/μL) 6.2±1.8 6.1±1.5 0.241

PWV (cm/s) 1573.5±718.7 1612.3±423.2 0.283

ABI 1.1±0.1 1.1±0.2 0.211

IMT (mm) 0.7±0.3 1.3±1.1 <0.0001

8-OHdG (ng/mg Cre) 9.7±4.5 –

8-OHdG, 8-hydroxy-20-deoxyguanosine; ABI, ankle brachial index; ACR, albumin–creatinine ratio; ALT, alanine aminotransferase; AST,
aspartate transaminase; BMI, body mass index; BUN, blood urea nitrogen; DBP, diastolic blood pressure; eGFR, estimated glomerular
filtration rate; F, female; Hb, hemoglobin; HbA1c, glycated hemoglobin; HDL-C, high-density lipoprotein cholesterol; IMT, intima-media
thickness; M, male; PG, plasma glucose concentration; Plt, platelet; PWV, pulse wave velocity; SBP, systolic blood pressure; TC, serum total
cholesterol; TG, serum triglycerides; TP, total protein; UA, uric acid; UpH, urinary pH; WC, waist circumference; WCC, white cell count.
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Table 4 shows the individual correlations between the
%IMT, %PWV, %eGFR, Δlog ACR, and various para-
meters at baseline. The %IMT negatively correlated with
UpH, eGFR, and HDL-C, and positively correlated with
BMI, WC, UA, BUN, AST, ALT, rate of administration of
RASIs, and the number of drugs taken. The %PWV had
a weak negative correlation with UpH and eGFR and a
positive correlation with ACR, BUN, and the number of
drugs taken. The %eGFR correlated negatively with
BMI, WC, UA, ACR, BUN, ALT, Cl–, Plt, WCC, the rate
of RASI administration, and the number of drugs taken,
and correlated positively with UpH, HDL-C, and the
Na+/Cl– ratio. The Δlog ACR correlated negatively with
UpH, eGFR, ACR, and the rate of RASI administration,
and correlated positively with BMI, duration, SBP, and
BUN.
In a multiple regression analysis that used the %IMT

as the dependent variable and the factors that individu-
ally correlated with %IMT, described above, as the inde-
pendent variables, only UpH was an independent risk
factor (see online supplementary table S2A).
In a multiple regression analysis that used the %PWV

as the dependent variable and the factors that individu-
ally correlated with %PWV, described above, as the inde-
pendent variables, UpH and ACR were independent risk

factors (see online supplementary table S2B). In a mul-
tiple regression analysis that used the %eGFR as the
dependent variable and the factors that individually cor-
related with %eGFR, described above, as the independ-
ent variables, UA, eGFR, ALT, and Plt were independent
risk factors (see online supplementary table S2C). In a
multiple regression analysis that used Δlog ACR as the

Table 2 The drugs that the participants were taking at

the baseline and end point

Baseline End point

N (%) N (%)

Antidiabetic agents

Insulin 158 (45.1) 196 (56.0)

Pioglitazone 63 (18.0) 103 (29.4)

Biguanide 147 (42.0) 207 (59.1)

DPP4I – (–) 83 (23.7)

Sulfonylurea 107 (30.6) 62 (17.7)

Glinide 9 (2.6) 92 (26.3)

AGI 68 (19.4) 133 (38.0)

Antihypertensive agents
RASI therapy 144 (41.1) 208 (59.4)

Mono 123 131

Double 21 62

Triple 0 15

CCBs therapy 71 (20.3) 174 (49.7)

Mono 65 117

Double 6 45

Triple 0 12

Diuretics therapy 37 (10.6) 68 (19.4)

Mono 36 46

Double 1 18

Triple 0 4

β-blockers 17 (4.9) 42 (12.0)

Others 19 (5.4) 44 (12.6)

Antihyperlipidemic agents

Statin 76 (21.7) 121 (34.6)

AGI, α-glucosidase inhibitors; CCBs, calcium channel blockers;
DPP4I, dipeptidyl peptidase inhibitors; RASI, renin-angiotensin
system inhibitors.

Table 3 The individual correlations between UpH and

each measurement item at the baseline

Dependent variable=UpH r p Value

Independent variable
8-OHdG −0.60 <0.0001

Age −0.08 0.86

BMI −0.29 0.001

WC −0.27 0.002

UA −0.42 <0.0001

Gender 0.08 0.78

Duration −0.10 0.75

Glucose −0.11 0.32

HbA1c −0.011 0.91

eGFR 0.300 <0.0001

ACR −0.22 0.003

SBP −0.16 0.08

DBP −0.10 0.10

Heart rate −0.22 0.008

TC −0.00 0.91

TG −0.12 0.09

HDL-C 0.15 0.07

BUN −0.23 0.0001

ALT −0.21 0.0003

AST −0.18 0.0010

K+ −0.11 0.09

Cl− −0.22 0.0002

Na+ 0.04 0.87

Na+/Cl− −0.26 <0.0001

Plt −0.01 0.89

Hb 0.03 0.68

WCC −0.23 0.0001

TP −0.07 0.43

PWV −0.03 0.54

ABI 0.01 0.90

IMT 0.09 0.35

RASIs −0.21 0.0001

Drugs 2003 −0.52 <0.0001

Drugs 2013 −0.55 <0.0001

ΔDrugs −0.36 <0.0001

ΔDrugs, changes in the number of drugs taken from the baseline
to the end point; 8-OHdG, 8-hydroxy-20-deoxyguanosine; ABI,
ankle brachial index; ACR, albumin–creatinine ratio; ALT, alanine
aminotransferase; AST, aspartate transaminase; BMI, body mass
index; BUN, blood urea nitrogen; DBP, diastolic blood pressure;
Drugs 2003, the number of drugs taken at the baseline; Drugs
2013, the number of drugs taken at the end point; eGFR,
estimated glomerular filtration rate; Glucose, plasma glucose
concentration; Hb, hemoglobin; HbA1c, glycated hemoglobin;
HDL-C, high-density lipoprotein cholesterol; IMT, intima-media
thickness; Plt, platelet; PWV, pulse wave velocity; RASIs,
renin-angiotensin system inhibitors; SBP, systolic blood pressure;
TC, serum total cholesterol; TG, serum triglyceride; TP, total
protein; UA, uric acid; UpH, urinary pH; WC, waist circumference;
WCC, white cell count.
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dependent variable and the factors that individually cor-
related with Δlog ACR, described above, as the inde-
pendent variables, UpH, BMI, duration, ACR, and SBP
were independent risk factors (see online supplemen-
tary table S2D).
In the logistic regression analysis, which used the

occurrence of CKD (eGFR<60 mL/min/1.73 m2) as a
dependent variable, UpH was an independent risk
factor (p=0.001), with an OR of 0.522 777 (95% CI
0.3526216 to 0.77504). UpH was also an independent
risk factor in our multiple regression analysis that used
%eGFR as a dependent variable (β=2.365226, p=0.036).
Of the patients with UpH<6 (n=171), 28 had SAS,

which was significantly more than that for the group of
patients with UpH≥6.0 (n=179), of whom 7 had SAS.
Compared with the SAS (−) group (n=315), the SAS (+)
group (n=35) had higher 8-OHdG, BMI, WC, Δlog ACR,

heart rate, serum triglyceride (TG), ALT, AST, Plt, WCC,
%IMT, rate of increase in the number of RASIs adminis-
tered, and number of drugs taken at the end point; they
had a lower UpH, duration, %eGFR, HDL-C, and PWV
(see online supplementary table S3). Of the SAS (+)
group, those whose SAS was treated within the study
period (SAS treatment (+), n=12) showed a greater rise
in UpH than those whose SAS was not treated (SAS treat-
ment (−), n=23) and a smaller increase in Δlog ACR and
%IMT (see online supplementary table S4). However,
since treatment was provided to all patients who were
admitted to the hospital and underwent continuous posi-
tive airway pressure treatment, the BMI and WC values
also decreased sharply in the treatment group. As a
result, it is unclear if the changes seen in the SAS treat-
ment (+) group were attributable to improvements in
breathing conditions or weight reduction.

Table 4 The individual correlations between the %IMT, %PWV, %eGFR, Δlog ACR and the measurements taken at the

baseline

IMT PWV eGFR ACR

%IMT %PWV %eGFR ΔLog ACR

r p Value r p Value r p Value r p Value

UpH −0.37 <0.01 −0.12 0.01 0.23 <0.01 −0.16 0.04

Age 0.03 0.71 0.00 0.98 0.08 0.05 −0.05 0.73

BMI 0.16 0.02 0.09 0.35 −0.17 0.05 0.13 0.05

WC 0.14 0.03 0.06 0.58 −0.14 0.05 0.06 0.26

UA 0.11 0.04 −0.06 0.57 −0.29 <0.01 −0.10 0.08

Gender −0.08 0.30 0.06 0.42 0.05 0.16 0.03 0.76

Duration −0.00 0.98 0.05 0.59 0.01 0.64 0.13 0.05

Glucose 0.03 0.73 −0.00 0.99 −0.01 0.79 0.06 0.67

HbA1c 0.01 0.95 −0.02 0.78 −0.12 0.08 −0.05 0.71

eGFR −0.17 0.01 −0.10 0.04 −0.01 0.80 −0.15 0.04

ACR 0.02 0.59 0.31 <0.01 −0.26 <0.01 −0.28 <0.01

SBP 0.06 0.38 0.06 0.42 −0.07 0.12 0.16 0.04

DBP 0.04 0.61 0.02 0.77 −0.05 0.25 −0.09 0.43

Heart rate 0.09 0.26 −0.01 0.83 −0.02 0.58 0.04 0.74

TC −0.08 0.28 −0.01 0.89 −0.03 0.74 −0.12 0.08

TG 0.04 0.63 −0.00 0.93 −0.17 0.06 −0.15 0.06

HDL-C −0.11 0.04 −0.01 0.84 0.15 0.04 −0.00 0.98

BUN 0.11 0.04 0.12 0.04 −0.16 0.04 0.23 <0.01

ALT 0.12 0.03 0.08 0.51 −0.17 0.04 0.05 0.59

AST 0.15 0.01 −0.04 0.65 −0.08 0.18 0.01 0.92

K+ 0.01 0.89 −0.08 0.49 −0.04 0.20 −0.07 0.43

Cl− 0.10 0.08 −0.05 0.53 −0.18 0.03 −0.05 0.57

Na+/Cl− −0.10 0.07 −0.03 0.69 0.17 0.03 0.04 0.71

Plt 0.03 0.75 −0.01 0.80 −0.14 0.04 0.02 0.85

Hb 0.05 0.56 0.01 0.86 0.11 0.08 0.07 0.55

WCC 0.10 0.05 0.09 0.07 −0.15 0.04 −0.00 0.97

TP 0.07 0.11 0.09 0.21 0.10 0.26 0.13 0.06

RASIs 0.15 <0.01 −0.10 0.07 −0.14 <0.01 −0.14 <0.01

Total drugs 0.26 <0.01 0.17 <0.01 −0.23 <0.01 0.02 0.41

ΔDrugs 0.17 <0.01 0.14 0.01 −0.19 <0.01 −0.05 0.66

ΔDrugs, changes in the number of drugs taken from the baseline to the end point; ACR, albumin–creatinine ratio; ALT, alanine
aminotransferase; AST, aspartate transaminase; BMI, body mass index; BUN, blood urea nitrogen; DBP, diastolic blood pressure; eGFR,
estimated glomerular filtration rate; Glucose, plasma glucose concentration; Hb, hemoglobin; HbA1c, glycated hemoglobin; HDL-C,
high-density lipoprotein cholesterol; IMT, intima-media thickness; Plt, platelet; PWV, pulse wave velocity; RASIs, renin-angiotensin system
inhibitors; SBP, systolic blood pressure; TC, serum total cholesterol; TG, serum triglyceride; Total drugs, the number of drugs taken at the
baseline; TP, total protein; UA, uric acid; UpH, urinary pH; WC, waist circumference; WCC, white cell count.
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Among the participants in the UpH<6 group (n=171),
40 (23.4%) had high ALT values, which were more than
those for the 17 participants (9.5%) in the UpH>6
group (n=179). The number of cases of fatty liver in the
UpH<6 group (n=36, 21.1%) was significantly greater
than that in the UpH≥6 group (n=12, 6.7%).

DISCUSSION
The patients enrolled in this study saw their BG, BP, and
lipid levels remain under control or improve over the
10 years between 2003 and 2013. This was because a
more rigorous control of these values became possible
with continuing advancements in treatment drugs. In
fact, the number of drugs administered to the patients
in our study increased significantly from 2003 to 2013.
However, no improvements were seen in terms of
obesity, acidosis, fatty liver, hyperuricemia, and others,
and the advancement of the renovascular disorders
could not be completely halted. This indicates that
merely improving BG, BP, and lipids cannot sufficiently
suppress the advancement of renovascular disorders.
Decreased UpH, in particular, was a powerful predictive
factor for renovascular disorders. UpH is always deter-
mined as part of routine testing; it is a non-invasive and
inexpensive test. The finding that UpH can predict long-
term renovascular disorders has significant clinical
value. The factors associated with UpH were OS, UA,
eGFR, ACR, heart rate, and the number of RASIs being
taken. This result concurs with the results of our previ-
ous study of individuals without diabetes.1 The finding
that a lower UpH is associated with a larger number of
RASIs being taken appears to be because a lower UpH is
associated with a greater number of patients with hyper-
tension and increased ACR that was being treated effect-
ively with RASIs. In (non-treated) participants without
diabetes, acceleration of intrarenal RAS was closely
related to lower UpH.1 However, since RASIs powerfully
suppress the acceleration of intrarenal OS and RAS,7

urinary angiotensinogen excretion does not correlate
with UpH in patients undergoing RASI treatment (data
not shown). It appears that, in diabetic and obese parti-
cipants, advanced glycation end-products (AGEs) such
as methylglyoxal were formed, increasing the production
of OS in the renal tubules and accelerating RAS,
thereby reducing UpH.8–12 Recently, however, the possi-
bility is being suggested that low UpH may directly
increase OS.5

We investigated the influence on the reduction of
eGFR of the use of RASIs. The number of RASIs taken
in 2003 (RASIs), and the number of RASIs additionally
administered from 2003 to 2013 delta renin angiotensin
system inhibitors (dRASIs) were not independent risk
factors for the 10-year Δ change in eGFR or %eGFR.
(The RASIs in the Δ change of eGFR: p=0.889 and
dRASIs: p=0.704; and the RASIs in the %eGFR: p=0.938
and dRASIs: p=0454). We attribute this to the large
number of patients who were already taking RASIs at the

baseline stage, and the large number of long-term
patients undergoing courses that had lasted from the
period of having RASIs administered during observation
to the period of evaluation.
A lowered UpH is caused by an increased supply of H+

to the urine or a reduction in the ability to eliminate
H+. An increased supply of H+ to the urine occurs either
because of a reduction in blood pH (BpH) or the
increased secretion of H+ from the renal tubules, while
a reduction in the ability to eliminate H+ occurs as a
result of a reduction in the supply of NH3 to the urine.
BpH is defined according to the Henderson-Hasselbalch
equation: BpH=7.62+log (HCO3

–/CO2). Therefore, a
decline in BpH is believed to occur due to a reduced
supply of HCO3

– or an increased supply of CO2. Since
HCO3

– is being supplied by the kidney and the liver,
impaired hepatorenal function is believed to reduce
BpH. Unfortunately, we did not measure urinary or
serum bicarbonate levels in this study. It is unclear,
therefore, whether or not UpH reflects blood acidity.
In our study also, patients with hepatorenal dysfunc-

tion showed a reduced UpH. Hepatorenal dysfunction is
also closely related to obesity. In SAS, which is closely
linked to obesity, the blood concentration of CO2 rises
during the night, which is believed to cause a reduction
in BpH. Hepatorenal disorders are a frequent complica-
tion of SAS, so a decrease in the supply of HCO3

–

appears to have been involved in the reduction of BpH.
SAS was also strongly related to a decline in UpH and
the advancement of renovascular disorders. Since treat-
ment of SAS caused the value of UpH to rise and sup-
pressed the advancement of renovascular disorders, SAS
is most likely one cause of UpH reduction and advance-
ment of renovascular damage. SAS accelerates sympa-
thetic nerve activity, inducing hypertension and an
increased heart rate.13

One cause of the increased secretion of H+ in the
renal tubules is the activation of the Na+—H+ exchanger
(NHE) that is expressed in the renal proximal
tubules.14 15 In diabetes and obesity, the NHE is acti-
vated by the suppression of megalin expression due to
increases in OS or RAS activity.5 12 16 17 Increased OS
inside the renal tubule cells increases the level of trans-
forming growth factor β, which suppresses the expres-
sion of megalin.1 18–21 The reduction in megalin results
in expanded NHE activity, thereby increasing the secre-
tion of H+ (see online supplementary figure S1).22 The
ability to eliminate H+ is controlled by the secretion of
NH3 into the urine.23 Nitrogen (N) needed for synthe-
sizing NH3 is supplied by glutamine.24 If OS increases,
NF-E2-related factor 2 (Nrf2), which is an anti-OS tran-
scription factor, is activated. Since Nrf2 promotes the
metabolism of glutamine to lactate, there is a possibility
that the supply of N from glutamine may decrease and
the production of NH3 may decline25 (see online sup-
plementary figure S2). The amount of NH3 is reported
to be lower in patients with diabetes.3 A high-protein
diet increases BUN,26 decreases the secretion of NH3
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into the urine, and reduces UpH as a result.27 The
content of the patient’s meal might be a cause of lower
UpH.
Lower UpH was closely related to higher UA values.

Conditions that elevate serum UA concentration are
closely related to decreases in UpH. Under IR condi-
tions, the serum UA concentration rises because of the
increased production of UA in the liver or adipose
tissues and decreased renal excretion of UA (see online
supplementary figure S2).25 28 The UA production is
increased by AMP deaminase activation induced by fruc-
tokinase activated by hyperglycemia (see online supple-
mentary figure S3). This pathology is closely involved
with the advancement of renal damage.29

Hyperinsulinemia increases the reabsorption of UA.30

There is a possibility that an OS-induced increase in
lactate is involved in this reabsorption increase.25

Acknowledgements The authors acknowledge the editorial assistance and
clinical support of Miss Manami Shimizu for her help with preparing the
references and for her expert assistance in the preparation of the tables and
figures. Their deep appreciation goes to all members of the staff who helped
them in this study.

Contributors SO wrote the manuscript and researched the data. KN and MO
contributed to the discussion and researched the data. SI reviewed and edited
the manuscript.

Funding This work was supported by a 21st Century Center of Excellence
Program Special Research Grant from the Ministry of Education, Sports and
Culture, and Tohoku University’s Center for the Advancement of Higher
Education President’s Research Fund.

Competing interests None declared.

Patient consent Obtained.

Ethics approval The Medical Ethics Committee of Tohoku University.

Provenance and peer review Not commissioned; externally peer reviewed.

Data sharing statement No additional data are available.

Open Access This is an Open Access article distributed in accordance with
the Creative Commons Attribution Non Commercial (CC BY-NC 4.0) license,
which permits others to distribute, remix, adapt, build upon this work non-
commercially, and license their derivative works on different terms, provided
the original work is properly cited and the use is non-commercial. See: http://
creativecommons.org/licenses/by-nc/4.0/

REFERENCES
1. Ogawa S, Takiguchi J, Nako K, et al. Elucidation of the etiology and

characteristics of pink urine in young healthy subjects. Clin Exp
Nephrol 2014. Published Online First. doi:10.1007/s10157-014-
1066-y

2. Katsiki N, Papanas N, Fonseca VA, et al. Uric acid and diabetes:
Is there a link? Curr Pharm Des 2013;19:4930–7.

3. Maalouf NM, Cameron MA, Moe OW, et al. Metabolic basis for low
urinary pH in type 2 diabetes. Clin J Am Soc Nephrol
2010;5:1277–81.

4. Nakanishi N, Fukui M, Tanaka M, et al. Low urinary pH is a predictor
of chronic kidney disease. Kidney Blood Press Res 2012;35:77–81.

5. Souma T, Abe M, Moriguchi T, et al. Luminal alkalinization
attenuates proteinuria-induced oxidative damage in proximal tubular
cells. J Am Soc Nephrol 2011;22:635–48.

6. de Brito-Ashurst I, Varagunam M, Raftery MJ, et al. Bicarbonate
supplementation slows progression of CKD and improves nutritional
status. J Am Soc Nephrol 2009;20:2075–84.

7. Ogawa S, Matsushima M, Mori T, et al. Identification of the stages of
diabetic nephropathy at which angiotensin II receptor blockers most
effectively suppress albuminuria. Am J Hypertens 2013;26:1064–9.

8. Gaens KH, Stehouwer CD, Schalkwijk CG. Advanced glycation
endproducts and its receptor for advanced glycation endproducts in
obesity. Curr Opin Lipidol 2013;24:4–11.

9. Chang T, Wu L. Methylglyoxal, oxidative stress, and hypertension.
Can J Physiol Pharmacol 2006;84:1229–38.

10. Dhar I, Dhar A, Wu L, et al. Methylglyoxal, a reactive glucose
metabolite, increases renin angiotensin aldosterone and blood
pressure in male Sprague-Dawley rats. Am J Hypertens
2014;27:308–16.

11. Dhar I, Dhar A, Wu L, et al. Increased methylglyoxal formation with
up-regulation of renin angiotensin system in fructose-fed
Sprague-Dawley rats. PLoS ONE 2014;8:e74212.

12. Ogawa S, Kobori H, Ohashi N, et al. Angiotensin II type 1 receptor
blockers reduce urinary angiotensinogen excretion and the levels of
urinary markers of oxidative stress and inflammation in patients with
type 2 diabetic nephropathy. Biomark Insights 2009;4:97–102.

13. Abboud F, Kumar R. Obstructive sleep apnea and insight into
mechanisms of sympathetic overactivity. J Clin Invest
2014;124:1454–7.

14. Aronson PS. Ion exchangers mediating NaCl transport in the
proximal tubule. Wien Klin Wochenschr 1997;109:435–40.

15. Odunewu A, Fliegel L. Acidosis-mediated regulation of the NHE1
isoform of the Na+/H+ exchanger in renal cells. Am J Physiol Renal
Physiol 2013;305:F370–81.

16. Li XC, Hopfer U, Zhuo JL. AT1 receptor-mediated uptake of
angiotensin II and NHE-3 expression in proximal tubule cells through
a microtubule-dependent endocytic pathway. Am J Physiol Renal
Physiol 2009;297:F1342–52.

17. Hosojima M, Sato H, Yamamoto K, et al. Regulation of megalin
expression in cultured proximal tubule cells by angiotensin II type 1A
receptor- and insulin-mediated signaling crosstalk. Endocrinology
2009;150:871–8.

18. Gekle M, Knaus P, Nielsen R, et al. Transforming growth
factor-beta1 reduces megalin- and cubilin-mediated endocytosis of
albumin in proximal-tubule-derived opossum kidney cells. J Physiol
2003;552:471–81.

19. Yamagishi S, Inagaki Y, Okamoto T, et al. Advanced glycation end
products inhibit de novo protein synthesis and induce TGF-beta
overexpression in proximal tubular cells. Kidney Int 2003;63:464–73.

20. Saito A, Takeda T, Sato K, et al. Significance of proximal tubular
metabolism of advanced glycation end products in kidney diseases.
Ann N Y Acad Sci 2005;1043:637–43.

21. Ozdemir AM, Hopfer U, Rosca MV, et al. Effects of advanced
glycation end product modification on proximal tubule epithelial cell
processing of albumin. Am J Nephrol 2008;28:14–24.

22. Biemesderfer D, Nagy T, DeGray B, et al. Specific association of
megalin and the Na+/H+ exchanger isoform NHE3 in the proximal
tubule. J Biol Chem 1999;274:17518–24.

23. Weiner ID, Verlander JW. Role of NH3 and NH4
+ transporters in

renal acid-base transport. Am J Physiol Renal Physiol 2001;300:
F11–23.

24. Welbourne T, Weber M, Bank N. The effect of glutamine
administration on urinary ammonium excretion in normal subjects
and patients with renal disease. J Clin Invest 1972;51:1852–60.

25. Mitsuishi Y, Taguchi K, Kawatani Y, et al. Nrf2 redirects glucose and
glutamine into anabolic pathways in metabolic reprogramming.
Cancer Cell 2012;22:66–79.

26. Otsuki M, Kitamura T, Goya K, et al. Association of urine
acidification with visceral obesity and the metabolic syndrome.
Endocr J 2011;58:363–7.

27. Archibeque SL, Freetly HC, Cole NA, et al. The influence of
oscillating dietary protein concentrations on finishing cattle. II.
Nutrient retention and ammonia emissions. J Anim Sci
2007;85:1496–503.

28. Matsuura F, Yamashita S, Nakamura T, et al. Effect of visceral fat
accumulation on uric acid metabolism in male obese subjects:
visceral fat obesity is linked more closely to overproduction of uric
acid than subcutaneous fat obesity. Metabolism 1998;47:929–33.

29. Lanaspa MA, Ishimoto T, Cicerchi C, et al. Endogenous fructose
production and fructokinase activation mediate renal injury in
diabetic nephropathy. J Am Soc Nephrol 2014;25:2526–38.

30. Ter Maaten JC, Voorburg A, Heine RJ, et al. Renal handling of urate
and sodium during acute physiological hyperinsulinaemia in healthy
subjects. Clin Sci (Lond) 1997;92:51–8.

BMJ Open Diabetes Research and Care 2015;3:e000097. doi:10.1136/bmjdrc-2015-000097 7

Metabolism

 on M
arch 28, 2024 by guest. P

rotected by copyright.
http://drc.bm

j.com
/

B
M

J O
pen D

iab R
es C

are: first published as 10.1136/bm
jdrc-2015-000097 on 30 June 2015. D

ow
nloaded from

 

http://creativecommons.org/licenses/by-nc/4.0/
http://creativecommons.org/licenses/by-nc/4.0/
http://dx.doi.org/10.2174/1381612811319270016
http://dx.doi.org/10.2215/CJN.08331109
http://dx.doi.org/10.1159/000330487
http://dx.doi.org/10.1681/ASN.2009111130
http://dx.doi.org/10.1681/ASN.2008111205
http://dx.doi.org/10.1093/ajh/hpt085
http://dx.doi.org/10.1097/MOL.0b013e32835aea13
http://dx.doi.org/10.1139/y06-077
http://dx.doi.org/10.1093/ajh/hpt281
http://dx.doi.org/10.1371/journal.pone.0074212
http://dx.doi.org/10.1172/JCI70420
http://dx.doi.org/10.1152/ajprenal.00598.2012
http://dx.doi.org/10.1152/ajprenal.00598.2012
http://dx.doi.org/10.1152/ajprenal.90734.2008
http://dx.doi.org/10.1152/ajprenal.90734.2008
http://dx.doi.org/10.1210/en.2008-0886
http://dx.doi.org/10.1113/jphysiol.2003.048074
http://dx.doi.org/10.1046/j.1523-1755.2003.00752.x
http://dx.doi.org/10.1196/annals.1333.072
http://dx.doi.org/10.1159/000108757
http://dx.doi.org/10.1074/jbc.274.25.17518
http://dx.doi.org/10.1152/ajprenal.00554.2010
http://dx.doi.org/10.1172/JCI106987
http://dx.doi.org/10.1016/j.ccr.2012.05.016
http://dx.doi.org/10.1507/endocrj.K10E-319
http://dx.doi.org/10.2527/jas.2006-208
http://dx.doi.org/10.1016/S0026-0495(98)90346-8
http://dx.doi.org/10.1681/ASN.2013080901
http://drc.bmj.com/

	Lower urinary pH is useful for predicting renovascular disorder onset in patients with diabetes
	Abstract
	Introduction
	Methods
	Statistical analysis
	Results
	Discussion
	References


