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OBJECTIVE

Antihyperglycemic agents, such as empagliflozin, stimulate proximal tubular natri-
uresis and improve cardiovascular and renal outcomes in patients with type 2 di-
abetes. Because dipeptidyl peptidase 4 (DPP-4) inhibitors are used in combination
with sodium–glucose cotransporter 2 (SGLT-2) inhibitors, we examinedwhether and
how sitagliptin modulates fractional sodium excretion and renal and systemic he-
modynamic function.

RESEARCH DESIGN AND METHODS

We studied 32 patients with type 2 diabetes in a prospective, double-blind, random-
ized, placebo-controlled trial. Measurements of renal tubular function and renal and
systemic hemodynamics were obtained at baseline, then hourly after one dose of
sitagliptin or placebo, and repeated at 1 month. Fractional excretion of sodium and
lithium and renal hemodynamic function were measured during clamped euglyce-
mia. Systemic hemodynamics were measured using noninvasive cardiac output
monitoring, and plasma levels of intact versus cleaved stromal cell-derived factor
(SDF)-1a were quantified using immunoaffinity and tandem mass spectrometry.

RESULTS

Sitagliptin did not change fractional lithiumexcretion but significantly increased total
fractional sodium excretion (1.32 6 0.5 to 1.80 6 0.01% vs. 2.15 6 0.6 vs. 2.02 6

1.0%, P = 0.012) compared with placebo after 1 month of treatment. Moreover,
sitagliptin robustly increased intact plasma SDF-1a1-67 and decreased truncated
plasma SDF-1a3-67. Renal hemodynamic function, systemic blood pressure, cardiac
output, stroke volume, and total peripheral resistance were not adversely affected
by sitagliptin.

CONCLUSIONS

DPP-4 inhibition promotes a distal tubular natriuresis in conjunction with increased
levels of intact SDF-1a1-67. Because of the distal location of the natriuretic effect,
DPP-4 inhibition does not affect tubuloglomerular feedback or impair renal hemo-
dynamic function, findings relevant to using DPP-4 inhibitors for treating type 2
diabetes.
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Cardiovascular and renal complications
are leading causes of premature death
and morbidity in patients with type 2 di-
abetes. Diabetic nephropathy is indepen-
dently associated with an increased risk
for adverse cardiovascular outcomes and
is partly driven by ambient hyperglycemia
(1). Unfortunately, preventing renal
dysfunction or slowing progression of
chronic kidney and/or cardiovascular dis-
ease in type 2 diabetes remains a major
therapeutic shortcoming of current dia-
betes clinical care.
Dipeptidyl peptidase 4 (DPP-4) inhi-

bitors are antihyperglycemic agents
that potentiate incretin action and are
widely used in the treatment of type 2
diabetes (2) as monotherapy or, more
commonly, in combination with metfor-
min, sulfonylureas, and sodium–glucose
cotransporter 2 (SGLT-2) inhibitors. DPP-4
inhibitors lower glucose by preventing
the N-terminal cleavage and inactivation
of the incretin hormones glucagon-like
peptide-1 (GLP-1) and glucose-dependent
insulinotropic peptide (3,4). The cardio-
vascular safety of DPP-4 inhibition with
sitagliptin (5), alogliptin (6), and saxaglip-
tin (7) has been demonstrated in large
outcome studies; however, saxagliptin
and alogliptin may increase hospitaliza-
tion for heart failure, particularly in pa-
tients with preexisting heart or kidney
disease (8). Remarkably, little is known
about the renal hemodynamic or natri-
uretic actions of DPP-4 inhibitors in sub-
jects with type 2 diabetes.
The results of the Empagliflozin, Car-

diovascular Outcomes, and Mortality in
Type 2 Diabetes (EMPA-REG OUTCOME)
trial (9) with the SGLT-2 inhibitor, empa-
gliflozin, highlight the clinical importance
of understanding how different glucose-
lowering agents modulate natriuresis and
renal hemodynamic function. Although
sitagliptin increased fractional sodium ex-
cretion in a single study of subjects with
type 2 diabetes (10), the mechanism(s)
and tubular location for these effects
and associated changes in renal hemody-
namic or cardiovascular function have
not been comprehensively elucidated.
Remarkably, cardioprotectionwith empa-
gliflozin was evident within weeks, high-
lighting the importance of understanding
the acute nonglycemic actions of current
therapies used to treat type 2 diabetes.
Accordingly, we have now studied

whether and how the DPP-4 inhibitor,
sitagliptin, modifies proximal and distal

renal tubular sodium handling and also
renal and systemic hemodynamic func-
tion after acute and sustained administra-
tion.Herewedemonstrate that sitagliptin
enhances natriuresis independently of
significant changes in renal or systemic
hemodynamic parameters, likely through
sites and mechanisms distinct from those
regulated by SGLT-2 inhibitors in the kid-
ney. Furthermore, we demonstrate that
sitagliptin robustly augments plasma lev-
els of bioactive stromal cell–derived
factor (SDF)-1a1-67, a chemokine with
proven natriuretic actions in preclinical
studies. Collectively, our findings high-
light distinct mechanisms for how DPP-4
inhibitors (vs. effects previously eluci-
dated for SGLT-2 inhibitors) control natri-
uresis and tubuloglomerular function,
results with implications for the use of
these drugs as combination therapy in
subjects with type 2 diabetes.

RESEARCH DESIGN AND METHODS

Study Population
Local advertising was used to enroll 36
patients with type 2 diabetes (A1C 6.5–
9.0% [48–75 mmol/L], or HbA1c ,6.0–
9.0% [742–75 mmol/mol] if treated
with oral hypoglycemic agents or insulin
and diagnosed with type 2 diabetes .2
years’ duration), receiving stable doses
(within 1 month) of renin-angiotensin-
aldosterone system (RAAS) blockade
(ACE inhibitor or angiotensin receptor
blocker if ACE inhibitor intolerant), with
a systolic blood pressure (SBP) of at
least.120mmHg and estimated glomer-
ular filtration rate (GFR) .50 mL/min/
1.73m2 (SupplementaryFig.1; seeSupple-
mentary Table 1 for exclusion criteria).
The studywas approved by the University
Health Network Research Ethics Board
and conducted in accordance with the
Declaration of Helsinki and International
Conference on Harmonization on Good
Clinical Practice. All patients provided
written informed consent.

Study Design
This was a single-center (University
Health Network, University of Toronto,
Toronto, Ontario, Canada) prospective,
double-blind, randomized, placebo-
controlled trial, conducted over two
study visits separated by 1 month
(Supplementary Fig. 2). Thirty-six patients
were randomized to sitagliptin (100 mg
per os daily) or to identical placebo per
os daily (manufactured and supplied by

Merck Sharpe & Dohme) by the research
trial pharmacist with an allocation of
one to one and a block size of four using
computer-generated lists (Supplementary
Fig. 1).

Measurement of Renal Tubular
Function and Hemodynamics
One week before the first study visit
(study visit 1), study participants were in-
structed to maintain a minimum sodium
intake of 150 mmol/day, a protein diet of
1.5 g/kg/day, and to avoid alcohol and
tobacco for at least 48 h. In the 24 h lead-
ing up to study visit 1, study participants
completed a 24-h timed urine collection.
The night before study visit 1, study par-
ticipants fasted for a minimum of 12 h
and avoided caffeine intake. Participants
were also instructed to take one lithium
carbonate tablet (300 mg) at 2200 h to
allow for measurement of fractional lith-
ium excretion (FELi). FELi is a marker of
proximal tubular sodium reabsorption,
which allows for determination of proxi-
mal versus distal natriuresis localization
within the renal tubules. On the morning
of study visit 1, study participants with-
held all oral antihyperglycemic agents
and prandial insulin but continued all
other routine medications, including
antihypertensives.

Study participants arrived at the
Renal Physiology Laboratory (Toronto
General Hospital, Toronto, Ontario,
Canada), at ;0800 h for a brief physical
examination and body weight measure-
ment. After a rest period of ;15 min,
blood work (HbA1c, blood glucose, elec-
trolytes, lipids, creatinine, urea, uric acid,
aldosterone, plasma renin concentration)
and urine parameters (albumin, protein,
electrolytes) were collected, and vital
signs were measured at the bedside. A
standardized liquid meal (2 MightyShakes
Vanilla 50/6 fl oz [single serving, 240 cal-
ories: fat, 13 g; carbohydrate, 23 g; pro-
tein, 8 g); Hormel Health Laboratories,
Savannah, GA) was given to all study partic-
ipants to allow for endogenous incretin
hormone secretion and to control dietary
intake during the study visits. For partici-
pants who could not tolerate the standard-
ized liquidmeal (threepatients), a substitute
meal with equal proportions of macronutri-
ents was given (ad libitum water consump-
tion was allowed during the experimental
period, up to a maximum of 500 mL).

A euglycemic clamp was initiated,
and once euglycemia was reached and
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stabilized for 2 h, a third venous cath-
eter was placed to facilitate bolus infu-
sion of p-aminohippurate sodium 20%
(PAH; Bachem, Bubendorf, Switzerland)
and inulin (Inutest; Fresenius Kabi Austria
GmbH, Graz, Austria) to assess effective
renal plasmaflow (ERPF) andGFR, respec-
tively, according to previously described
methods (11). After a 90-min equilibra-
tion period, urine was collected by spon-
taneous voiding, and blood was sampled
every 45 min.
After baseline renal function tests

were completed at ;1300 h, study par-
ticipants were given an identical fixed-
calorie liquid meal (as described above)
to stimulateendogenous incretinhormone
secretion. Participants were then given
their first dose of study drug (sitagliptin
or placebo). Participants were asked
to empty their bladder (they were up-
right and asked to void until a subjective
feeling of empty was achieved), and
urine was collected under spontaneous
voiding for up to 3 h during a timed urine
collection. PAH and inulin were continu-
ously infused at maintenance levels
through this 3-h period, and blood sam-
ples were drawn hourly formeasurement
of GFRINULIN and ERPFPAH in response to
the study drug.
After study visit 1, subjects were in-

structed to continue all routine medica-
tions in addition to the daily study drug.
An interim telephone call was made to
study participants at ;14 days to screen
for adverse events (study visit 2). Approx-
imately 28–30 days later (1 month), all
study participants returned to the Renal
Physiology Laboratory for a final study
visit, study visit 3. All prestudy procedures
(e.g., dietary sodium and protein recom-
mendations) and experimental proce-
dures on study visit 3 were identical to
study visit 1, with the exception that on
the morning of study visit 3, participants
withheld study drug administration until
given by study personnel after the second
standardized liquid meal (;1300 h) be-
fore the timed urine collection during
study visit 3.

Noninvasive Cardiac Output
Monitoring
Cardiovascular parameters were assessed
to detect potential systemic physiologi-
cal effects that might arise secondary
to DPP4 inhibitor–stimulated natriure-
sis. Systemic hemodynamic function was
measured using electrical bioreactance-

based noninvasive cardiac output moni-
toring methods (NICOM; Cheetah Medi-
cal, Newton Center, MA). In brief, four
electrodes were placed externally on
the chest (at the clavicle) and lower ab-
domen (below costal margin) bilaterally.
Calibration and baseline measurements
were completed before study drug ad-
ministration, and then measurements
were done hourly (first 10 min) for 3 h
after study drug administration. Patients
were positioned supine during measure-
ments and were instructed to remain still
and quiet.

Study End Points
The primary study end point was the
change in the fraction of excreted sodium
(FENa) at 3 h after a single dose and after
short-term administration of sitagliptin
(1month). Secondary end points included
the change in gold standardmeasured re-
nal hemodynamic function, GFRINULIN and
ERPFPAH (12), under clamped euglycemia,
and derived measures of intrarenal he-
modynamics (renal blood flow, filtration
fraction [FF], renal vascular resistance,
glomerular hydrostatic pressure, renal af-
ferent resistance, renal efferent res-
istance) using previously described
methods (13,14). FELi, systemic hemody-
namic function (cardiac output, stroke
volume, total peripheral resistance,
mean arterial pressure, SBP, diastolic
blood pressure, heart rate, and pulse
pressure). FENa and FELi excretion were
calculated according to FE(electrolyte) =
100 3 ([(electrolyte urine) 3 (creatinine
plasma)]/[(electrolyte plasma) 3 (creati-
nine urine)]).

Acute and chronic changes in plasma
SDF-1a1-67, urinary inflammatory cyto-
kines and chemokines, plasma renin
concentration, aldosterone, plasma and
urinary nitric oxide (NO), plasma atrial
natriuretic peptide (ANP), and urinary
reactive oxygen species (8-isoprostane,
8-hydroxy-2-deoxyguanosine, cyclic gua-
nosine monophosphate [cGMP]) were
secondary exploratory end points. Ter-
tiary confirmatory end points consisted
of changes in HbA1c, lipids (total choles-
terol, LDL, HDL, triglycerides), and body
weight.

Biochemical Analyses
Routine blood (HbA1c, electrolytes, liver
enzymes, and urine biochemistry) were
performed at baseline and after 1 month
of treatment using conventional assay

methods by the Department of Clinical
Biochemistry at the University Health
Network, Toronto, Ontario, Canada.
Urine lithium was measured by induc-
tively coupled plasma spectroscopy by
n-Common Laboratories, North York, On-
tario, Canada.

Urinary inflammatory cytokines, che-
mokines, and growth factors and co-
gnate receptors were measured using
a Discovery Assay (Human Cytokine Array/
ChemokineArray 42-Plex; Eve Technologies
Corp., Calgary, Alberta, Canada), using
previously described methods, corrected
for urinary creatinine (15). Plasma ANP,
plasma and urinary NO, plasma and uri-
nary cGMP, urine 8-isoprostane, and
urine 8-hydroxy-2-deoxyguanosine were
measured by ELISA, as described previ-
ously (16,17).

Plasma SDF-1a and Sitagliptin
Quantification
Levels of intact and truncated SDF-1a in
plasma were measured using a hybrid
method coupling immunoaffinity en-
richment and liquid chromatography–
tandem mass spectrometry (18). Briefly,
plasma SDF-1a1-67 and SDF-1a3-67 were
first captured with anti–SDF-1a antibody
(MAB350; Bio-Techne, R&D Systems, Inc.,
Minneapolis, MN), immobilized on mag-
netic beads, and then quantified using a
multiple reaction monitoring method
on a triple quadrupole mass spectrome-
ter. Plasma sitagliptin concentrations
were quantified as described previously
(19).

Statistical Analyses
Statistical analyses were performed by an
independent statistician using SAS 9.2
(SAS Institute Inc.). Data are reported as
mean6 SD, median (interquartile range),
or as frequency (%). The treatment effect
on all study end pointswas assessed using
repeated-measures linear mixed-effects
models. The sample size calculation was
based on the estimated effect of study
medication on FENa. Preclinical studies in-
dicated the most conservative estimate
for a DPP-4 inhibitor on FENa is 14%
(20). No variances were provided for the
preclinical studies, so we used an “in-
flated” SD of 14 (equal to the effect
size) in our sample size calculation. With
this variance and effect size, a sample size
of 16 per group provided.80% power to
detect significant between-group differ-
ences (two-tailed a = 0.05) in response
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to DPP-4 inhibition. Unblinding occurred
after completion of the study and locking
of the database, and analyses were done
on a per-protocol basis. One participant
was excluded from analysis of NICOM
measurements due to an inability to obtain
reliable NICOM measurements because
of large body habitus (allocated to placebo),
andoneparticipant’s 3-h NICOMmeasure-
ments were discarded due to the inability
to capture data (allocated to placebo). An
a level of 0.05 was used to determine
statistical significance for all comparisons.

RESULTS

Clinical Characteristics
In total, 48 patients were screened be-
tween July 2015 and March 2016 at the
Renal Physiology Laboratory, Toronto
General Hospital, Toronto, Ontario, Can-
ada (Supplementary Fig. 2), and 36 pa-
tients were ultimately randomized to
sitagliptin (n = 18) or placebo (n = 18).
After randomizationbut before study visit
1, one patient (allocated to sitagliptin)
withdrew from the study. Three patients
were withdrawn during the study be-
cause of adverse events (dyspnea, allo-
cated to placebo; vasovagal event,
allocated to placebo; lower gastrointesti-
nal bleeding, allocated to sitagliptin).
Baseline characteristics were similar be-
tween both groups (Table 1). Intravenous
infusion volumes of dextrose (5%), insu-
lin, and maintenance fluids did not differ
significantly between treatment groups
(data not shown).

Renal Tubular Effects
FENa was blunted with sitagliptin com-
pared with placebo after single-dose ad-
ministration (Fig. 1A) on experimental
day 1 but not after 1 month of adminis-
tration. In contrast, an increase in FENa
was observed with sitagliptin compared
with placebo at 3 h after 1 month of ad-
ministration relative to after a single dose
on experimental day 1 (Fig. 1B). No con-
sistent change in FELi occurred during the
study (Supplementary Fig. 3).

Renal and Systemic Hemodynamic
Function Effects
Despite changes in natriuresis, acute and
1-month administration of sitagliptin did
not influence renal hemodynamic function,
blood pressure, or NICOM parameters
(Supplementary Tables 2 and 3). A small
but statistically significant increase in
heart rate was observed with sitagliptin
(+5.76 3.3 vs. 2.26 4.5 bpm, P = 0.019)

compared with placebo after 1 month of
administration at 3 h after study drug
(Supplementary Table 3).

Plasma SDF-1a
Acute administration of sitagliptin in-
creased circulating levels of intact SDF-
1a1-67 compared with placebo after a
single dose and after 1 month (P , 0.0001)
(Fig. 2A). In contrast, truncated SDF-13-67

decreased acutely after single-dose si-
tagliptin administration compared with
placebo (P , 0.0001) (Fig. 2B). Among
subjects randomized to sitagliptin,
plasma sitagliptin concentrations corre-
lated with chronic percentage change in
FENa and with SDF-1a

1-67 concentrations,
although these associations did not reach
statistical significance (Supplementary
Fig. 4A and B).

Neurohormones, Markers of Oxidative
Stress, and Urinary Cytokines and
Chemokines
Acute and 1-month sitagliptin administra-
tion did not change plasma ANP, plasma

or urinary cGMP, plasma or urinary NO, or
plasma renin or aldosterone concentrations
compared with placebo (Supplementary
Table 4). Urinary 8-isoprostane concen-
trations did not change in response to
DPP-4 inhibition with sitagliptin; how-
ever, small but statistically significant
increases in 8-hydroxy-2-deoxyguanosine
concentrations were observed at 1 month
(Supplementary Table 4). Most concen-
trations of urinary cytokines, chemokines,
growth factors, and cognate receptors
were unchanged after 1 month of sitagliptin
compared with placebo (Supplementary
Table 5). A small but statistically significant
increase in interferon-g was observed
(Supplementary Table 5).

CONCLUSIONS

Although type 2 diabetes is predomi-
nantly recognized as a metabolic disease
characterized by hyperglycemia and
insulin resistance, the introduction of
new medications, such as the SGLT-2 in-
hibitors, GLP-1 receptor (GLP-1R) agonists,

Table 1—Demographics and clinical characteristics of study population

Placebo (n = 16) Sitagliptin (n = 16)

Day 1 1 month Day 1 1 month

Demographics
Age (years) 59.3 6 8.8 d 60.4 6 7.6 d
Males 9 (56.3) d 11 (68.8) d

Ethnicity
Caucasian 8 (50) d 12 (75) d

South Asian 4 (25) d 2 (12.5) d
Black 1 (6.3) d 1 (6.3) d

Other 3 (18.7) d 2 (6.2) d

Diabetes duration (years) 8.50 (5.5, 14.0) d 6.0 (3.0, 10.0) d
Metformin use 14 (87.5) 14 (87.5) 12 (75) 12 (75)
Sulfonylurea use 6 (37.5) 6 (37.5) 3 (18.8) 3 (18.8)
Insulin use 4 (25) 4 (25) 4 (25) 4 (25)
Hypertension duration (years) 11.4 6 10.1 d 6.8 6 8.9 d
RAAS inhibition 16 (100) 16 (100) 16 (100) 16 (100)
Diuretics 6 (37.5) 6 (37.5) 5 (31.3) 5 (31.3)
CCB 5 (31.3) 5 (31.3) 3 (18.8) 3 (18.8)
Statin 11 (68.8) 11 (68.8) 9 (56.3) 9 (56.3)
CVD 1 (6.3) 1 (6.3) 4 (25) 4 (25)

Clinical characteristics
Hematocrit 0.38 6 0.04 0.36 6 0.04 0.39 6 0.02 0.37 6 0.03
HbA1c (%) 7.31 6 0.84 7.18 6 0.97 7.18 6 0.79 6.82 6 0.82
HbA1c (mmol/mol) (56 6 9.2) 55 6 10.6 55 6 8.6 51 6 9.0
Creatinine (mmol/L) 68.6 6 9.0 66.9 6 7.5 70.6 6 7.8 67.8 6 8.9
eGFR (CKD-EPI)

(mL/min/1.73m2) 94.2 6 11.4 95.6 6 12.3 94.1 6 7.2 96.4 6 6.7
BMI (kg/m2) 30.22 6 6.96 30.166 7.02 31.69 6 5.49 31.706 5.63
SBP (mmHg) 124 6 14 123 6 14 123 6 13 121 6 9
DBP (mmHg) 71 6 8 73 6 7 71 6 8 73 6 7
HR (bpm) 74 6 14 68 6 12 74 6 14 68 6 12
MAP (mmHg) 86 6 9 89 6 8 87 6 9 88 6 7

Data are expressed as n (%), mean6 SD, or median (interquartile range). CCB, calcium channel
blocker; CKD-EPI, Chronic Kidney Disease Epidemiology Collaboration; CVD, cardiovascular disease;
DBP, diastolic blood pressure; eGFR, estimated GFR; MAP, mean arterial pressure; HR, heart rate.
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and DPP-4 inhibitors, has refocused at-
tention on nonglycemic aspects of
type 2 diabetes pathophysiology. Nota-
bly, the action of SGLT-2 inhibitors has
reemphasized the importance of exagger-
ated proximal tubular sodium reabsorp-
tion in type 2 diabetes. Furthermore,
enhanced sodium absorption may lead
to maladapted physiological responses
within the diabetic kidney that contribute
to diabetic nephropathy by promoting
hyperfiltration and intraglomerular
hypertension. Apart from systemic blood
pressure control, blockade of the RAAS,
and more recently, SGLT-2 inhibition,
few therapeutic strategies have attenu-
ated diabetes-related complications in
the kidney.
The demonstration that SGLT-2 inhibi-

tion with empagliflozin in patients with
type 2 diabetes and existing cardiovascu-
lar disease attenuates nephropathy (9,12,
21) has fostered interest in understanding
whether and how other antihyperglyce-
mic agents modify renal tubular and
natriuresis-related pathways in the di-
abetic kidney (22). Although preclinical
studies demonstrate that DPP-4 inhibi-
tion promotes natriuresis (23), evidence

from human studies linking DPP-4 inhibi-
tion to natriuresis and changes in renal
physiology is very limited (10). Here
we describe several important features
of sitagliptin action in the diabetic
human kidney, with immediate clinical
relevance.

First, sitagliptin increased urine FENa by
40%, findings detectable by 1 month of
therapy. In contrast, FELi, a marker of
proximal tubular sodium reabsorption,
was unchanged, suggesting that sitaglip-
tin induces natriuresis by blocking distal
tubular sodium reabsorptivemechanisms
rather than proximal sodium uptake,
which is modulated by SGLT-2 inhibitors.
The increased FENa described here is con-
sistentwith a previous report that urinary
sodium excretion increases by 2 weeks of
sitagliptin therapy in subjects with type 2
diabetes (10). Second, we reveal, based
on FELi studies, that these renal natri-
uretic effect(s) occur distal to the macula
densa. Third, we show that natriuresis
was acutely suppressed after 3 h after
the first dose of sitagliptin, suggesting
that initial sodium retention may occur
with DPP-4 inhibitors in some individuals.
Fourth, the initial acute suppression is

transient, reverses over time, and natri-
uresis ultimately predominates after
1 month of treatment of sitagliptin. Fifth,
despite changes in FENa, no changes in
intrathoracic fluid volume, cardiac out-
put, or systemic hemodynamic function
were observed.

Agents that induce a proximal tubular
natriuresis, such as SGLT-2 inhibitors and
carbonic anhydrase inhibitors, activate
tubuloglomerular feedback, leading to
afferent arteriolar vasoconstriction and
reductions in GFR and ERPF (24). Con-
versely, agents that act distal to the mac-
ula densa are not coupled to these
intrarenal autoregulatory mechanisms
and should not affect tubuloglomerular
feedback or renal hemodynamic function.
Consistent with distal rather than proxi-
mal natriuretic pathways, we showed
that renal hemodynamic function re-
mained unchanged, both acutely and
chronically, in response to sitagliptin.
These findings have clinical relevance,
implying that the focus of sitagliptin ac-
tion is the distal tubule, thereby leaving
tubuloglomerular feedback, afferent resis-
tance, and intraglomerular pressure unal-
tered (24). In contrast, GLP-1R agonists

Figure 1—Acute and chronic changes in FENa in response to sitagliptin compared with placebo in patients with type 2 diabetes. A: FENa on day 1 at 3 h
(compared with baseline) after the first dose of sitagliptin or placebo. B: FENa at 1 month, 3 h after sitagliptin or placebo (compared with day 1). C:
Percentage change in FENa at 3 h (compared with baseline) on day 1 and after 1 month of sitagliptin or placebo. D: Percentage change in FENa at 1 month
(compared with day 1) at baseline and at 3 h after sitagliptin or placebo. The horizontal bars in A and B indicate percentage changes in group means.
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attenuate diabetes-associated sodium
avidity through distinct, more proximal
mechanisms (16) and may therefore
modify tubuloglomerular feedback. Con-
sistent with this possibility, liraglutide re-
duced the composite renal microvascular
outcome by 22% in patients with type 2
diabetes at heightened cardiovascular
risk, an effect predominantly driven by
reductions in macroalbuminuria (25).
Although SGLT-2 inhibitors produce

more robust natriuresis, blood pressure
reduction, and potentially volume deple-
tion, our current findings demonstrate
that sitagliptin administration did not

modify blood pressure or systemic hemo-
dynamic parameters assessed by nonin-
vasive cardiac monitoring. Hence, these
physiological findings predict that DPP-4
inhibitors may exert clinically useful ef-
fects on renal hemodynamics in combina-
tion with SGLT-2 inhibitors without the
burden of excess volume contraction, hy-
potheses that should be carefully tested
in future mechanistic human studies.

A major finding of clinical relevance
is the demonstration that SDF-1a1-67

is a physiological substrate of DPP-4
in humans with diabetes. SDF-1a1-67,
also known as C-X-C motif chemokine

12 (CXCL12) (4), is widely expressed and
also localized to glomerular podocytes
and distal tubular cells in mouse and hu-
man kidneys (26). We focused on assess-
ment of SDF-1 because preclinical studies
revealed that GLP-1R signaling does not
mediate the natriuretic actions of DPP-4
inhibitors (20,23). SDF-1 expression is up-
regulated in the diabetic rat nephron (23),
and SDF-1/CXCR4–dependent signaling
suppresses renal oxidative stress and
fibrosis through cAMP-mediated path-
ways. Here we applied immunocapture
coupled with mass spectrometry to
demonstrate, for the first time in hu-
mans with diabetes, that DPP-4 inhibi-
tion robustly increases intact plasma
SDF-1a1-67 and markedly decreases trun-
cated SDF-1a3-67. In preclinical studies,
blockade of SDF-1a1-67/CXCR4 signaling
with the antagonist AMD 3100 reversed
the natriuretic effects(s) of DPP-4 inhibi-
tion, mechanistically linking DPP-4 inhibi-
tion to enhanced urine sodium excretion
via increased SDF-1a1-67/CXCR4 signaling
(23). Our findings associating increased
levels of bioactive SDF-1a1-67 with en-
hanced natriuresis in humans with dia-
betes treated with sitagliptin suggest
conservation of biology across species
and highlight SDF-1a1-67 as a new mech-
anistic target for control of natriuresis in
human subjects.

The extent of renal dysfunction and
progression of nephropathy in subjects
with diabetes has been partly linked to
changes in oxidative stress, inflammation,
or enhanced growth factor activity (27).
Although DPP-4 inhibitors have been re-
ported to exert anti-inflammatory effects
in preclinical and clinical studies (4,28),
sitagliptin therapy was not associated
with changes in urinary inflammatory cy-
tokines, chemokines, growth factors, or
markers of oxidative stress (isoprostane),
aside from small changes in 8-hydroxy-2-
gaunosine and interferon-g at 1 month.
Hence, although we cannot exclude the
possibility that DPP-4 inhibition may pro-
duce chronic anti-inflammatory actions in
longer studies or reduce inflammation in
different tissue compartments from
unique patient populations, the current
data suggest that clinically detectable
changes in inflammatory status or oxida-
tive stress are not a prominent feature of
short-term therapy with DPP-4 inhibition
in patients with type 2 diabetes.

The lack of effect of DPP-4 inhibitors on
renal function in large cardiovascular

Figure 2—Immunoquantification of plasma SDF-1a in response to 1 month of sitagliptin adminis-
tration comparedwith placebo in patientswith type 2 diabetes. Individual patient data are indicated
for immunoquantification of intact plasma SDF-1a1-67 (A) and truncated plasma SDF-1a3-67 (B)
concentrations over the course of this 1-month clinical study in type 2 diabetes patients adminis-
tered placebo or sitagliptin. Inset (upper right corner) depicts metabolism of intact SDF-1a1-67 to
truncated SDF-1a3-67 by the proteolytic actions of DPP-4 and suppression of DPP-4–mediated SDF-
1a metabolism by DPP-4 inhibitors.
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outcome studies is consistent with our
short-term study results, because modifi-
cation of distal tubular natriuresis via
DPP-4 inhibition should not affect renal
function or tubuloglomerular feedback
pathways. Furthermore, the clinical rele-
vance of our findings is highlighted by the

increasing use of DPP-4 inhibitors and
SGLT-2 inhibitors in combination therapy
for type 2 diabetes. Both drugs modify
renal tubular sodium handling, with po-
tential implications for renal and systemic
hemodynamic function. Our current find-
ings localize renal natriuretic effects of

DPP-4 inhibition to the distal convoluted
tubule. Hence, we predict that DPP-4 in-
hibitors should not interfere with or di-
minish the effects of other drugs that
block proximal renal tubular sodium re-
absorption. Further mechanistic studies
examining the simultaneous renal tubular

Figure 3—Putative natriureticmechanisms for DPP-4 inhibitors (DPP-4i). DPP-4i promote a distal tubular natriuresis that does not affect renal or systemic
hemodynamic function in patients with type 2 diabetes without nephropathy. Although these DPP-4i–mediated natriuretic mechanisms remain in-
completely understood, they occur in conjunction with a significant increase in circulating intact SDF-1a1-67 and suppression of truncated SDF-1a3-67.
Physiologically, SDF-1a1-67 is a substrate of the DPP-4 enzyme. Administration of DPP-4i in patientswith type 2 diabetes prevents the N-terminal cleavage
and inactivation of intact plasma SDF-1a1-67 to truncated plasma SDF-1a3-67 (inset) by inhibiting the proteolytic activity of DPP-4. Potential distal tubular
ion transport channels that may link DPP-4 inhibition to stimulating distal natriuresis include the Na+/Cl– thiazide-sensitive channel (3), and the epithelial
sodium channel (ENac) (4). In contrast, SGLT-2 inhibitors (SGLT-2i) (1) and GLP-1RA (2) inhibit more proximal sodium reabsorption in the proximal
convoluted tubules (PCTs) and influence tubuloglomerular feedback by increasing sodium delivery at the macula densa. SGLT-2i modify renal hemo-
dynamic function. CCD, cortical collecting duct; DCT, distal convoluted tubule .
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response(s) to coadministered SGLT-2 in-
hibitors and DPP4 inhibitors will further
clarify the mechanistic rationale for com-
bination therapy in the treatment of
type 2 diabetes.
The current study is not without limi-

tations. The study was adequately pow-
ered to determine the effect of sitagliptin
on FENa, but the small sample size limited
our ability to perform in-depth analyses
around clinical factors such as duration of
diabetes, degree of albuminuria, or the
effect of coadministration of other drugs.
We attempted to reduce variability by
using a placebo-controlled study design
that included a prestudy protocol specify-
ing limits around dietary factors that can
influence GFR, including dietary protein
content, dietary sodium consumption,
background RAAS inhibition, and ambient
glucose levels. Furthermore, there are
currently no available assays to measure
tubuloglomerular feedback in humans
aside from measuring changes in renal
function in response to changes in tubular
sodium delivery; therefore, we were un-
able to directly quantify the effect of sita-
gliptin on tubuloglomerular feedback.
In conclusion, DPP-4 inhibition pro-

motes a distal tubular natriuresis after
short-term therapy that does not modify
renal or systemic hemodynamic function
(Fig. 3). Sitagliptin administration in-
creased plasma levels of SDF-1a1-67, a
chemokine that promotes natriuresis in
preclinical studies. We conclude that
SDF-1a1-67 is a strong candidate effector
that mediates the natriuretic effect(s) of
sitagliptin, highlighting potentiation of
SDF-1 activity as a new focus for thera-
peutic strategies targeting natriuresis.
Our current studies predict that combina-
tion therapy with SGLT-2 inhibitors and
DPP-4 inhibitors should not abrogate
the beneficial renal effects observed
with SGLT-2 inhibitors alone, findings
with implications for the treatment of
type 2 diabetes.
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Supplementary Table 1. Exclusion criteria 

 

1) type 1 diabetes, (or secondary forms of diabetes - gestational diabetes, transplant-associated, 

glucocorticoid-associated, latent-onset diabetes of the adult, or known monogenic forms of diabetes);  

2) congestive heart failure, cardiomyopathy, clinically significant valvular heart disease (moderate or 

severe), or pulmonary hypertension;  

3) estimated GFR <50 mL/min/1.73m
2
;  

4) known secondary cause of hypertension;  

5) current pregnancy, or recent pregnancy within the last 3 months, or current breast-feeding. Female 

patients of child bearing potential (premenopausal, or not surgically sterile) who are unwillingly to have 

a baseline serum pregnancy test, and/or who are unwillingly to use active contraception throughout the 

duration of the study;  

6) use within the last 4 weeks of any DPP-4 inhibitor, GLP-1 receptor agonist (GLP-1RA), SGLT-2 

inhibitor;  

7) prior hypersensitivity reaction to any DPP-4 inhibitor;  

8) liver disease either indicated by a known history of severe liver disease or by elevated liver enzymes 

and/or liver function tests more than 3X the upper limit of normal on two readings;  

9) alcohol or substance abuse problem that would interfere with the study as defined by the investigator;  

10) prior history of pancreatitis (acute or chronic), or a history of medullary thyroid cancer, c-cell 

hyperplasia or history of multiple endocrine neoplasia syndromes;  

11) systolic blood pressure >160 mmHg or diastolic blood pressure ≥100 mmHg, as measured by an 

automated oscillometric blood pressure device during screening;  

12) individuals who are unwilling to reduce their dose of sulphonylurea by 50% at visit 1 and for the 

duration of the study;  

13) current involvement, or any recent involvement (within 3 months) in any other clinical trial 

involving an investigational product;  

14) unwillingness to take study drug;  

15) individuals with a medical condition of a serious nature such as an active malignancy (excluding 

dermal basal cell or dermal squamous cell carcinomas) or any of the medical conditions listed above 

including hepatic dysfunction, eGFR <50 ml/min/1.73m
2
, significant cardiac or respiratory conditions, 

or other medical conditions according to the investigator’s opinion. 
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Supplementary Table 2. Acute and chronic renal hemodynamic outcome measures in response to 

sitagliptin compared to placebo 

 

 

                     placebo (n=16)                       sitagliptin 

(n=16)                          

Variables      Baseline        1Hr         2Hr         3Hr    Baseline       1Hr         

2Hr        3Hr          p-value 

 

Acute  (single dose) 

 

 

GFR(mL/min/1.73m2)      118.3±27.1             121.8±24.7              119.5±30.6              122.4±34.9            108.2±20.3   108.7±22.5              

113.5±25.6   118.1±30.6    0.33 

ERPF(mL/min/1.73m2)    537.4±133.2           553.3±128.5            578.3±135.0            591.7±138.1          541.1±109.6             549.2±132.0            

604.1±228.1            563.3±134.2 0.28 

RBF(mL/min/1.73m2)       876.4±217.0           894.2±207.8            933.3±221.6            951.9±223.3  887.0±188.8             903.2±226.6            

989.8±385.7   917.4±220.8 0.11 

RVR(mmHg/L/min)      0.11±0.03              0.11±0.03      0.10±0.03      0.11±0.03    0.11±0.03     0.11±0.02                

0.11±0.03     0.11±0.02 0.88  

FF       0.22±0.03              0.22±0.03      0.21±0.04      0.21±0.04    0.20±0.03     0.20±0.04     

0.20±0.05     0.21±0.04 0.08 

PGLO(mmHg)      57.8±5.8                58.4±4.9      57.7±6.4      58.1±7.0    55.7±4.8     55.8±5.4     

56.5±5.1     57.5±6.2 0.21 

RA(dynescm-5)   2956.8±1756.9 3140.4±1381.2        3296.3±1556.9        3334.7±1809.4        3137.8±1067.0       3265.4±895.9          

3409.9±1488.2        3208.1±1175.0 0.28 

RE(dynescm-5)   2093.2±323.3 2108.2±283.4 1963.8±355.1 1955.7±391.6 1861.7±327.2 1857.7±424.0

 1841.0±553.7 1977.8±436.4 0.11 

      

Chronic   (1 month)  

 

 

GFR(mL/min/1.73m2)     118.7±23.0               117.1±24.7              116.6±25.8              120.6±29.3              114.8±16.6   115.6±17.0   

118.6±18.8   122.1±2  0.40 

ERPF(mL/min/1.73m2)   542.4±109.0   537.2±100.0   556.2±107.9   567.0±152.2   580.6±114.1   565.5±123.1   

592.9±120.6   594.4±147.0 0.29 

RBF(mL/min/1.73m2)     860.7±181.0   847.2±159.8   878.9±185.5   890.5±250.9   935.2±195.8   907.9±202.5   

946.1±200.0   950.9±237.3 0.36 

RVR(mmHg/L/min)    0.11±0.03                 0.10±0.02     0.11±0.03     0.11±0.04     0.10±0.02     0.10±0.02                

0.10±0.02     0.11±0.03 0.40 

FF     0.22±0.04                 0.22±0.05     0.21±0.04     0.22±0.04     0.20±0.03     0.21±0.04     

0.21±0.04     0.21±0.03 0.43 

PGLO(mmHg)     56.7±5.0     56.4±5.4     56.1±5.3     56.9±6.0     55.4±3.6     55.7±3.4     

56.1±4.1     56.8±4.1 0.80 

RA(dynescm-5) 3104.6±1463.3 2556.8±868.8 3308.1±1494.9 3619.1±1913.2 2869.3±887.8 2803.7±636.8

 2968.9±726.4 3423.1±1282.5 0.87 

RE(dynescm-5) 2155.6±466.5 2163.6±508.1 2050.8±406.0 2111.4±418.9 1892.8±355.5 1986.3±402.1

 1952.4±422.0 1971.0±293.6 0.36 
 

 

Data are mean ± SD. ERPF (effective renal plasma flow), FF (filtration fraction), GFR (glomerular filtration rate), PGLO 

(glomerular hydrostatic pressure), RA (renal afferent resistance), RE (renal efferent resistance), RVR (renal vascular 

resistance). p-values presented are for comparisons of sitagliptin vs. placebo (baseline-subtracted) at 3Hr for variable 

indicated, comparisons at other time points are not presented were not statistically significant. 
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Supplementary Table 3. Acute and chronic systemic hemodynamic outcome measures by NICOM in 

response to sitagliptin compared to placebo 

 

 

                     placebo (n=16)                       sitagliptin 

(n=16)                           

Variables    Baseline        1Hr         2Hr         3Hr     Baseline      1Hr       2Hr

         3Hr          p-value 

 

Acute  (single dose) 

CO (L/min)                    6.5±1.5        7.1±2.1                    6.9±1.8                    7.1±2.1                    7.3±1.1     8.5±1.6       

8.1±1.5        7.7±1.5 0.70 

SV  (mL/beat)   92.8±28.7                 94.0±28.6                91.3±30.0     93.3±30.5   107.3±22.40     115.5±30.5

 107.2±30.9    108.1±28.6 0.93 

TPR(dynessec/cm3/m2)1195.4±348.2           1116.9±343.4          1134.7±330.93   1168.3±377.5 1072.9±209.8 938.3±197.9   924.5± 

180.2   1016.2±230.2 0.66 

TFC kohm(-1)   38.5±7.6                   40.1±7.8    40.5±7.8      41.0±8.1       36.9±5.4     37.9±5.9     

38.8±6.2                    39.0± 6.3 0.69 

SBP(mmHg) 125.9±13.1  128.1±16.0  127.3±14.2   131.5±13.1   131.6±15.3  131.0±19.9  

 128.6±15.6   130.1±18.5 0.07 

DBP(mmHg)   73.6±9.4    71.2±10.4    72.3±10.2     75.9±9.1     76.0±8.0        75.1±7.1   

74.7±9.8     76.7±10.5 0.35 

MAP(mmHg)       91.0±8.8    90.2±10.3    90.6±9.2     94.4±8.7       94.4±9.2   93.7±10.3   

92.7±10.8     94.5±12.0 0.12 

HR (bpm)     71.8±12.0    77.2±13.4    78.1±11.9     77.2±11.6                69.2±11.2   75.2±10.0   

74.5±9.9     72.8±9.3 0.34 

      

Chronic   (1 month)  

 

 

CO (L/min)                    6.4±1.5   7.1±2.1                    6.6±1.8                    6.2±1.7                    7.3±1.6     8.7±1.7       

8.3±1.8        7.9±1.5 0.17 

SV  (mL/beat)   89.5±27.3                 93.7±29.3                86.1±27.6     84.4±28.0   109.9±25.0     110.9±28.2

 115.8±27.0    107.9±28.5 0.70 

TPR(dynessec/cm3/m2)1160.9±287.3           1136.5±315.7          1216.3±383.4   1370.2±586.6 1083.5±269.8 1029.8±287.3  

 964.1±208.0   1058.4±253.6 0.16 

TFC kohm(-1)   38.4±6.1                   43.1±20.2    39.1±6.9      39.5±7.3       37.1±6.2     37.9±6.6     

38.9±6.7                    39.1± 6.8 0.40 

SBP(mmHg) 124.5±14.7  129.0±14.8  123.0±18.3   131.6±17.1   126.1±12.9  129.5±13.5  

 132.2±15.8   135.8±13.3 0.42 

DBP(mmHg)   72.4±9.1    74.5±9.7    75.5±11.0     76.6±10.0     75.4±7.5        75.6±6.3   

77.2±10.2     80.8±6.3 0.53 

MAP(mmHg)       89.7±9.4    91.4±9.5    93.6±11.6     94.9±10.1       92.2±7.9   93.6±7.5   

95.5±11.2     99.1±7.9 0.38 

HR (bpm)     72.8±10.8    76.9±11.9    78.4±11.5     75.0±11.4                67.5±10.6   71.1±9.2   

72.8±10.3     73.2±11.4           0.02* 

 

 

Data are mean ± SD. CO (cardiac output), SV (stroke volume), NICOM (non-invasive cardiac output monitoring), TFC 

(thoracic fluid content), TPR (total peripheral resistance). p-values presented are for comparisons of sitagliptin vs. placebo 

(baseline-subtracted) at 3Hr for variable indicated (comparisons at other time points are not presented however were not 

statistically significant). 
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Supplementary Table 4. Neurohormones, markers of oxidative stress and 24 hour urine parameters 

 

                 placebo (n=16)                            

sitagliptin (n=16)     
                          Day 1                        1 Month               Day 1             

1 Month 

                                 Baseline⁄3Hr       Baseline⁄3Hr                        Baseline⁄3Hr         

Baseline⁄3Hr 

 
  24-Hr 

sodium/Cr 

22.03[14.6,37.26] 16.5[13.5,25.6] 15.8[12.9,19.8] 16.6[11.3,19.6] 

  24-Hr ACR 

(mg/mmol) 

1.75[0.87,5.50] 2.25[1.30,5.21] 
1.67[0.83,3.21] 2.13[0.87,7.54] 

  Timed 3-Hr 

Urine Volume 

(mL) 

229.18 ± 112.96 193.33 ± 92.75 169.11 ± 75.59 201.21 ± 94.06 

  PRC (ng/L) 10[7,17] 6[4,14] 12[5,44] 5[3,9] 16[6,46] 7[3,28] 20[11,58] 9[6,16] 

  Aldosterone 

(pmol/L) 

127.59±36.5 120.6±36.2 155.7±86.6 130.2±50.1 137.6±55.4 115.5±34.4 141.1±42.7 111.2±29.6 

  ANP (pg/mL) 3358±522 3440±742 3527±559 3479±605 3238±886 3257±630 3152±618 3246±517 

  Nitric oxide 

(μmol/L) 

30.0±27.9 19.6±13.04 27.4±17.5 21.2±10.8 22.7±10.6 16.4±7.7 21.0±7.6 20.4±10.0 

  Nitric 

oxide:UCr  

0.09±0.07 0.09±0.06 0.09±0.06 0.09±0.09 0.07±0.04 0.06±0.03 0.08±0.06 0.09±0.06 

  cGMP 

(plasma) 

(pmol/L) 

1.8±0.5 1.5±0.6 1.5±0.4 1.4±0.5 1.8±0.6 1.6±0.6 1.9±0.7 1.5±0.4 

  cGMP:Cr 

(pmol/mmol) 

302±290 308±245 256±164 317±228 203±114 263±190 238±150 264±118 

  Uric acid 

(μmmol/L) 

329.6±77.4 342.4±79.6 348.3±86.4 351.3±76.2 

  8-

isoprostane/Cr 

(pg/μmol) 

233±118 239±150 246±120 210±110 192±79 203±57 212±108 174±92 

  8-deoxy-2-

guanosine/Cr 

(ng/μmol) 

29.9±14.9 29.3±13.2 31.2±11.7 27.1±8.0 22.6±6.0 20.1±8.7 22.9±11.2 26.5±10.4*δ 

 
Data are expressed mean±SD or median [interquartile range]. ACR, albumin:creatinine ratio; ANP, atrial natriuretic peptide; 

cGMP, cyclic guanosine monophosphate; PRC, plasma renin concentration, UCr, urinary creatinine; Cr, creatinine 

*indicates significance, p-value=0.030 for comparison of acute 3 Hr change at 1 month, indicates significance, p-value=0.030 

for comparison of 3Hr change (single dose compared to 1 month). 
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Supplementary Table 5. Urinary cytokines, chemokines, growth factors, and receptors 

 
 placebo (n=16) sitagliptin (n=16)  

 Baseline 1 Month (3Hr) Baseline 1 Month (3Hr) p-value 

Interferon-α2 (IFNα2) 2.16 ± 2.18 1.78 ± 3.35 1.98 ± 5.17 0.84 ± 0.62 0.057 

Interferon-γ (IFNγ) 0.68 ± 0.53 0.55 ± 0.29 0.27 ± 0.27 0.51 ± 0.27 0.030 

Interleukin-1α (IL-1α) 0.35 ± 0.58 0.38 ± 0.67 0.48 ± 1.38 0.24 ± 0.37 0.51 

Interleukin-1β (IL-1β) 0.08 ± 0.10 0.18 ± 0.16 0.10 ± 0.14 0.25 ± 0.46 0.63 

Interleukin-1Ra (IL-Ra) 36.91±55.44 60.25 ±78.68 27.66±34.62 39.02 ±48.67 0.47 

Interleukin-2 (IL-2) 0.06 ± 0.11 0.06 ± 0.08 0.05 ± 0.08 0.04 ± 0.04 0.79 

Interleukin-3 (IL-3) 0.07 ± 0.05 0.07 ± 0.03 0.04 ± 0.04 0.18 ± 0.49 0.24 

Interleukin-4 (IL-4 0.78 ± 0.74 0.50 ± 0.48 0.32 ± 0.54 0.27 ± 0.18 0.23 

Interleukin-5 (IL-5) 0.04[0.02,0.07] 0.05[0.04,0.10] 0.02[0.01,0.04] 0.04[0.03,0.05] 0.93 

Interleukin-6 (IL-6) 0.23 ± 0.21 0.26 ± 0.28 0.23 ± 0.24 0.17 ± 0.20 0.39 

Interleukin-7 (IL-7) 0.14[0.04,0.33] 0.04[0.02,0.28] 0.06[0.02,0.12] 0.05[0.02,0.17] 0.96 

Interleukin-8 (IL-8) 0.35[0.08,0.98] 0.45[0.14,1.06] 0.28[0.10,1.26] 0.24[0.04,3.76] 0.30 

Interleukin-9 (IL-9) 0.05[0.04,0.10] 0.06[0.04,0.11] 0.03[0.02,0.07] 0.06[0.04,0.08] 0.85 

Interleukin-10 (IL-10) 0.13 ± 0.13 0.14 ± 0.10 0.05 ± 0.06 0.09 ± 0.06 0.50 

Interleukin-12 (IL-12P40) 0.76 ± 0.90 0.87 ± 0.73 0.37 ± 0.74 0.62 ± 0.71 0.73 

Interleukin-12 (IL-12P70) 0.05 ± 0.05 0.06 ± 0.09 0.04 ± 0.09 0.04 ± 0.04 0.59 

Interleukin-13 (IL-13) 0.24 ± 0.29 0.32 ± 0.21 0.13 ± 0.09 0.28 ± 0.19 0.54 

Interleukin-15 (IL-15) 0.10 ± 0.13 0.12 ± 0.24 0.08 ± 0.09 0.03 ± 0.03 0.36 

Interleukin-17A (IL-17A) 0.02 ± 0.03 0.01 ± 0.02 0.07 ± 0.18 0.05 ± 0.11 0.58 

Interleukin-18 (IL-18) 2.52 ± 1.88 2.71 ± 1.71 1.40 ± 0.99 4.16 ± 9.91 0.30 

Interferon-inducible 

protein-10 (IP-10) 

1.96[0.46,8.97] 4.77[1.62,8.17] 4.21[1.74,5.82] 2.80[1.10,8.17] 0.58 

Monocyte chemoattractant 

protein-1 (MCP-1) 

57.94[29.56,97.10] 63.42[42.71,126.19] 46.82[37.77,68.16] 54.00[33.24,61.59] 0.76 

Monocyte chemoattractant 

protein-3 (MCP-3) 

0.54[0.23,1.25] 0.74[0.57,1.55] 0.25[0.09,1.20] 0.64[0.26,1.77] 0.44 

Macrophage-derived 

chemokine (MDC) 

7.52[4.11,14.86] 9.41[5.58,12.79] 3.05[2.07,6.08] 6.65[2.93,11.90] 0.24 

Macrophage inflammatory 

proteins-1a (MIP-1a) 

0.63[0.34,1.03] 0.76[0.45,1.26] 0.34[0.14,1.00] 0.72[0.38,0.87] 0.82 

Macrophage inflammatory 

proteins-1b (MIP-1b) 

0.49[0.24,1.05] 0.58[0.25,1.51] 0.35[0.27,0.64] 0.37[0.13,0.81] 0.42 

Platelet derived growth 

factor-AA (PDGF-AA) 

2.51 [1.47,5.20] 2.36[2.03,4.82] 2.20[1.13,2.88] 2.29[1.65,2.96] 0.36 

Platelet derived growth 

factor-AB ⁄ BB (PDGF-AB ⁄ 

BB) 

0.32 ± 0.36 0.55 ± 0.76 0.34 ± 0.41 0.30 ± 0.28 0.21 

Regulated on Activation 

Normal T-Cell Expressed 

and Secreted (RANTES) 

1.15 ± 0.97 1.66 ± 3.43 1.08 ± 0.66 0.95 ± 1.09 0.46 

sCD40Ligand (sCD40K) 0.11 ± 0.10 0.09 ± 0.06 0.05 ± 0.05 0.07 ± 0.04 0.20 

Transforming growth 

factor-a (TGFa) 

0.33 ± 0.16 0.49 ± 0.22 0.40 ± 0.31 0.43 ± 0.17 0.22 

Tumour necrosis factor-a 

(TNFa) 

0.04 ± 0.03 0.04 ± 0.07 0.04 ± 0.06 
0.04 ± 0.05 0.99 

Tumour necrosis factor-b 

(TNFb) 

0.18 ± 0.27 0.09 ± 0.10 0.08 ± 0.22 0.05 ± 0.09 0.57 

Vascular endothelial 

growth factor (VEGF) 

5.75 ± 2.94 5.35 ± 6.09 4.82 ± 3.66 
4.66 ± 3.45 0.89 

Epidermal growth factor 

(EGF) 

1180.15±550.50 1189.35±407.91 1256.63±1376.00 1295.19±1169.71 0.95 

Fibroblast growth factor-2 10.94 ± 9.17 10.65 ± 7.28 6.91 ± 5.04 11.17 ± 6.51 0.096 
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 placebo (n=16) sitagliptin (n=16)  

 Baseline 1 Month (3Hr) Baseline 1 Month (3Hr) p-value 

(FGF-2) 

Eotaxin 0.31±0.51 0.61±1.02 0.43±0.67 0.76±1.07 0.23 

Flt-3 ligand (Fit-3L) 1.50[0.74,1.65] 1.27[0.95,1.87] 0.96[0.76,1.37] 1.00[0.67,1.33] 0.6376 

Fractalkine 11.85±9.42 9.80±9.91 8.74±8.35 7.47±5.01 0.94 

Granolucyte-colony 

stimulating factor (G-CSF) 

1.40 ± 1.26 1.32 ± 0.95 1.41 ± 2.12 1.36 ± 0.95 0.82 

Granolucyte-monocyte 

colony- stimulating factor 

(GM-CSF) 

2.57±2.08 2.46±1.38 2.18±2.63 2.38±1.25 0.073 

GRO pan (CXCL1 ⁄ 2 ⁄ 3) 

(GRO) 

4.66[2.33,7.04] 4.91[2.82,9.39] 3.02[1.94,7.44] 4.28[2.83,6.36] 0.75 

 
Data are expressed mean±SD, or median [interquartile range].  

Units for urinary analytes are expressed as pg per mmol urinary creatinine 
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Supplementary Figure 1. Patient flow diagram Overview of patient recruitment, treatment allocation, and withdrawals throughout the study. 
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Supplementary Figure 2. Study design and experimental protocol (A) Indicates the overall study design and timing of Study visits.(B) Specifies the timeline of 

the experimental procedures performed on Study visits at the renal physiology lab, Study visit 1 and Study visit 3 were identical.ERPF, effective renal plasma flow; 

GFR, glomerular filtration rate; NICOM, non-invasive cardiac output monitoring. 
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Supplementary Figure 3. Acute and chronic fractional excretion of lithium (FELi) in response to sitagliptin compared to placebo 

(A) FELi on Day 1 at 3Hr (compared to baseline) after a first dose of sitagliptin or placebo. (B) FELi at 1 month 3Hr after sitagliptin or placebo 

(compared to Day 1). (C) Percent change in FELi at 3Hr (compared to baseline) on Day 1 and after 1 month of sitagliptin or placebo. (D) Percent change 

in FELi at 1 Month (compared to Day 1) at baseline and at 3Hr after sitagliptin or placebo. In (A) and (B) horizontal bars indicate percent changes in 

group means. 
 

 



SUPPLEMENTARY DATA 
 

©2017 American Diabetes Association. Published online at http://care.diabetesjournals.org/lookup/suppl/doi:10.2337/dc17-0061/-/DC1 

Supplementary Figure 4.  Correlation of plasma sitagliptin concentrations with (A) FENa, and (B) plasma SDF-1α
1-67

. 
(A) Correlation of individual plasma sitagliptin concentrations on Day 1 (3Hr after first sitagliptin or placebo administration) with 1 Month change in fractional 

sodium excretion (FENa) at 3Hr. (B) Correlation of individual plasma sitagliptin concentration on Day 1 (3Hr after first sitagliptin or placebo administration) with 

plasma SDF-1α
1-67 

concentrations on Day 1. FENa, fractional excretion of sodium. 

 

 


