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OBJECTIVE — Acute glycemic variability contributes to diabetic complications potentially
through induction of inflammation. Our objective was to determine whether acute hyperglyce-
mia affects urinary secretion of inflammatory cytokines/chemokines in humans with uncompli-
cated type 1 diabetes.

RESEARCHDESIGNANDMETHODS — Blood pressure, renal hemodynamics (inulin
and paraaminohippurate clearances), and urine samples were obtained after 6 h of clamped
euglycemia (4–6 mmol/l) and hyperglycemia (9–11 mmol/l) on two consecutive days in sub-
jects with type 1 diabetes (n � 25). Forty-two urinary cytokines/chemokines were measured
using a Luminex platform.

RESULTS — Clamped hyperglycemia produced an expected increase in glomerular filtration
rate (131 � 4 to 148 � 8 ml/min/1.73 m2). Clamped hyperglycemia was associated with
significant increases in urinary eotaxin, fibroblast growth factor-2, granulocyte-macrophage
colony-stimulating factor, interferon-� 2, interleukin-2 and -12, monocyte chemoattractant
protein-3, macrophage-derived chemokine, macrophage inflammatory protein-1�, platelet-
derived growth factor, tumor necrosis factor-�, and CD40 ligand (P � 0.05).

CONCLUSIONS — Acute hyperglycemia results in increased urinary excretion of inflam-
matory cytokines/chemokines in humans with uncomplicated type 1 diabetes, and this may
contribute to kidney injury.
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Emerging evidence suggests that acute
glycemic excursions may signifi-
cantly contribute to microvascular

end-organ injury in patients with diabe-
tes, independent of long-term glycemic
control (1). While the mechanisms ac-
counting for this observation are not com-
pletely understood, evidence suggests that
acute hyperglycemia affects systemic and
renal microvascular hemodynamic func-
tion and activates systemic inflammatory

pathways (2– 6). The effect of acute
clamped hyperglycemia on renal inflamma-
tory mediators, however, is not completely
understood (7–9). Accordingly, our goal
was to characterize the earliest effects of
acute hyperglycemia on the activation of re-
nal inflammatory pathways in patients with
uncomplicated type 1 diabetes in order to
better understand how acute glycemic ex-
cursions may independently contribute to
long-term kidney injury.

RESEARCH DESIGN AND
METHODS — Recruitment of a subset
of subjects in this cohort has been described
in detail elsewhere (supplementary Table
A1, available in an online appendix at http://
care.diabetesjournals.org/cgi/content/full/
dc10-1219/DC1) (10). Subjects adhered to
a sodium replete (�140 mmol/day) and
moderate protein (�1.5 g/kg/day) diet dur-
ing the 7-day period before each experi-
ment (10,11). A 24-h urine collection on
day 6 was used to evaluate dietary adher-
ence through the determination of urinary
sodium and urea excretion. Protein intake
was calculated from the urea excretion us-
ing standard methods (10,11).

On two consecutive days, brachial ar-
tery blood pressure, renal hemodynamic
parameters, and a spot urine sample were
obtained after a 6-h modified clamp, dur-
ing euglycemia (day 1, 4–6 mmol/l), and
hyperglycemia (day 2, 9 –11 mmol/l)
(10,11). In the left arm, a peripheral ve-
nous cannula was inserted for infusion of
glucose and insulin, and a second cannula
was inserted for blood sampling more dis-
tally. At the same time, a third intrave-
nous infusion was inserted into the right
arm and connected to a syringe infusion
pump to measure renal hemodynamic
function.

Blood pressure measurements were
obtained with an automated Dinamap
sphygmomanometer (Critikon, Tampa,
FL). Renal hemodynamic function (glo-
merular filtration rate and effective renal
plasma flow) were estimated by steady-
state infusion of inulin and paraamin-
ohippurate (10,11).

Urinary analytes were measured in
each urine sample using the 42-Plex Pri-
mary Cytokine/Chemokine Panel Lumi-
nex Assay (Eve Technologies, Calgary,
Alberta, Canada) and included: epider-
mal growth factor, eotaxin, fibroblast
growth factor-2, Fit-3L, fractalkine, gran-
ulocyte colony stimulation factor, granu-
locyte-macrophage colony-stimulating
factor, growth-regulated oncogene, inter-
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feron (IFN)-�2, IFN-�, interleukin (IL)-
1�, IL-1�, IL-1ra, IL-2, IL-3, IL-4, IL-5,
IL-6, IL-7, IL-8, IL-9, IL-10, IL-12 (p40),
IL-12 (p70), IL-13, IL-15, IL-17, IP-10,
monocyte chemoattractant protein
(MCP)-1, MCP-3, macrophage-derived
chemokine, macrophage inflammatory
protein (MIP)-1�, MIP-1�, platelet-
derived growth factor (PDGF)-AA,
PDGF-AB/BB, RANTES, sCD40K, sIL-
2R�, transforming growth factor-�, tu-
mor necrosis factor (TNF)-�, TNF-�,
and vascular endothelial growth factor
(supplementary Table A2). Analytes
were corrected for the urinary creati-
nine concentration.

Baseline clinical parameters were an-
alyzed using parametric methods (two in-
dependent sample t tests). Within subject
responses to hyperglycemia were deter-
mined by repeated measures analysis of
variance and were corrected for multiple
comparisons using the Tukey-Kramer
test. All statistical analyses were per-
formed using SAS 9.2. The University
Health Network and Hospital for Sick
Children (Toronto, Canada) Research
Ethics Boards approved the protocols,
and patients gave informed consent.

RESULTS — Supplementary Table A3
describes the clinical characteristics of the
cohort (n � 25). Subjects were young,
normotensive, normoalbuminuric men
and women with type 1 diabetes. Subjects
adhered to the controlled sodium and
protein diet. Six hours of clamped hyper-
glycemia was associated with expected in-
creases in glomerular filtration rate and
effective renal plasma flow (P � 0.05).

Clamped hyperglycemia was also as-
sociated with significant increases in uri-
nary eotaxin (P � 0.0075), fibroblast
growth factor-2 (P � 0.0026), granulo-
cyte-macrophage colony-stimulating fac-
tor (P � 0.0192), IFN-�2 (P � 0.0045),
IL-12 (P � 0.0034), MCP-3 (P �
0.0062), macrophage-derived chemo-
kine (P � 0.0111), MIP-1� (P � 0.0201),
PDGF-AB/BB (P � 0.0267), TNF-� (P �
0.0049), sCD40K (P � 0.0080) (Fig. 1A–
L). For IL-3, the unadjusted P value was
0.01, which was not significant after ad-
justment for multiple comparisons (P �
0.058).

CONCLUSIONS — The goal of this
pilot study was to determine whether
acute clamped hyperglycemia activates
renal inflammatory pathways in patients
with uncomplicated type 1 diabetes. Our
rationale was twofold: 1) acute glycemic

excursions may contribute to end-organ
injury in patients with diabetes, indepen-
dent of long-term glycemic control; and
2) while acute hyperglycemia is associ-
ated with hemodynamic changes and ac-
tivation of systemic inflammation, the
acute effects on renal inflammatory path-
ways are not described well. We therefore
determined whether acute hyperglycemia
may contribute to kidney injury by acti-
vation of inflammatory pathways in pa-
tients with uncomplicated type 1 diabetes
by measuring renal hemodynamic func-

tion and urinary concentrations of a broad
panel of cytokines/chemokines in response
to acute clamped hyperglycemia.

Our major finding was that in sub-
jects with uncomplicated type 1 diabetes,
clamped hyperglycemia is associated with
significant increases in 12/42 cytokines/
chemokines included in the pilot study.
Urinary cytokines/chemokines excretion
is increased in established diabetic ne-
phropathy, and their excretion is influ-
enced by renoprotective medications
(7,8,12–14). Less is known about the re-

Figure 1—The effect of hyperglycemia on urinary chemokines/cytokines (mean � SD).*P � 0.05
compared with clamped euglycemia.
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nal excretion of inflammatory biomarkers
in response to acute clamped hyperglyce-
mia in humans with uncomplicated type
1 diabetes (15). Our findings show that
acute moderate hyperglycemia induces
an increase in urinary excretion of inflam-
matory mediators. While the factors re-
sponsib le for this r i se were not
determined in this study, possible mech-
anisms include synthesis and/or release of
preformed cytokines/chemokines from
the kidney or possible spillover from the
systemic circulation.

Given the critical role for hyperglyce-

mia in the pathogenesis of diabetic ne-
phropathy, the acute effect of glucose on
markers of inflammation and fibrosis is
important for two key reasons. First, in-
creases in the urinary excretion of inflam-
matory factors may give mechanistic
insights into disease pathogenesis in hu-
mans at a preclinical stage of disease. Our
observations are consistent with previous
work that demonstrated the deleterious
effects of acute glycemic excursions on
the renal microvasculature and highlight
biological pathways that may be involved.
Second, mediators that increase under the

influence of acute hyperglycemia may act
as markers that can be used to monitor the
biological effects of experimental and
therapeutic interventions in patients with
type 1 diabetes. Although our study in-
volved a small cohort that may never de-
velop clinical diabetic nephropathy, our
findings suggest that acute hyperglycemia
induces a dynamic molecular signal in the
urine that may contribute to progressive
kidney injury over time. Future work
should involve defining the time course
and reversibility of the response and
studying other populations, including
nondiabetic control subjects and patients
with overt nephropathy.

In conclusion, acute moderate hyper-
glycemia is associated with significant in-
creases in the urinary excretion of
inflammatory cytokines/chemokines in
subjects with uncomplicated type 1
diabetes.
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Parkkonen M, Wadén J, Hietala K, Groop
PH. Acute hyperglycaemia induces an in-
flammatory response in young patients
with type 1 diabetes. Ann Med 2008;40:
627–633

6. Miller JA. Impact of hyperglycemia on the
renin angiotensin system in early human
type 1 diabetes mellitus. J Am Soc Neph-
rol 1999;10:1778–1785

7. Merchant ML, Perkins BA, Boratyn GM,
Ficociello LH, Wilkey DW, Barati MT,
Bertram CC, Page GP, Rovin BH, War-
ram JH, Krolewski AS, Klein JB. Urinary
peptidome may predict renal function
decline in type 1 diabetes and mi-
croalbuminuria. J Am Soc Nephrol
2009;20:2065–2074

8. Gilbert RE, Akdeniz A, Weitz S, Usinger
WR, Molineaux C, Jones SE, Langham
RG, Jerums G. Urinary connective tissue
growth factor excretion in patients with
type 1 diabetes and nephropathy. Diabe-
tes Care 2003;26:2632–2636

9. Nguyen TQ, Tarnow L, Andersen S, Hov-
ind P, Parving HH, Goldschmeding R, van
Nieuwenhoven FA. Urinary connective
tissue growth factor excretion correlates
with clinical markers of renal disease in a
large population of type 1 diabetic pa-
tients with diabetic nephropathy. Diabe-
tes Care 2006;29:83–88

10. Cherney DZ, Miller JA, Scholey JW, Brad-
ley TJ, Slorach C, Curtis JR, Dekker MG,
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