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SUMMARY

To investigate the impact of kidney transplantation (KTx) on insulin sensi-
tivity affecting glucose metabolism. 9 nondiabetic patients awaiting living
donor KTx were examined prior to transplantation with an oral glucose
tolerance test and a 3-h hyperinsulinaemic–euglycaemic clamp. The clamp
was repeated 6 months after KTx. Nine age-, gender- and body mass index
(BMI)-matched individuals with normal kidney function served as con-
trols. Endogenous glucose production and glucose disappearance rate
(N = 6) were measured in a subgroup of patients with corresponding con-
trols. Results presented as mean [range]. Two patients had pretransplant
prediabetes, whereas all others had normal glucose tolerance. After KTx,
average glucose infusion rate to maintain euglycaemia during clamp
declined significantly from 15.1 [9.1–23.7] to 9.8 [2.8–14.6] lmol/kg/min
(P < 0.01) with 20.2 [9.9–33.7] lmol/kg/min in controls. Endogenous glu-
cose production increased from 7.0 [4.8–8.5] to 9.4 [7.4–11.8] lmol/kg/
min (P < 0.05) with 7.0 [�3.8 to 10.1] lmol/kg/min in controls. Glucose
disappearance rate was unchanged (18.1 [12.9–24.5] vs. 17.1 [12.2–22.7]
lmol/kg/min, NS) with 22.3 [14.6–34.3] in controls. In conclusion, insulin
sensitivity is reduced 6 months after KTx and characterized mainly by
impaired suppression of the endogenous glucose production.
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Introduction

Severe uraemia has been established as a cause of insulin

resistance which is clinically evident by the high incidence

of glucose intolerance in patients awaiting kidney trans-

plantation [1]. The insulin resistance has been character-

ized using clamping techniques with isotope tracers and

shown to affect both peripheral glucose uptake and

endogenous glucose production although some studies

have failed to show the latter [2–4]. Interestingly, alleviation

of uraemia by kidney transplantation seems to increase

rather than decrease the risk of developing diabetes [5].

The glucometabolic disturbances leading to this post-

transplantation diabetes mellitus (PTDM) have been less

well characterized. Some studies have indicated that the

primary cause is a beta-cell dysfunction rather than

insulin resistance [6–10], while others suggest an aggra-

vation of insulin resistance as the main cause [11,12].

As a possible shortcoming, these studies have either

been cross-sectional [6,7] or have used indices of insulin
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sensitivity and beta-cell function [8–12] which are pos-

sibly affected by the reduced insulin clearance observed

in renal impairment [13]. Furthermore, several indices

are calculated using solely fasting values which seems

inappropriate as prediabetic and diabetic plasma glucose

levels are mostly observed postprandial in both uraemia

[1] and PTDM [11,14].

The purpose of this study was to determine the

change in insulin sensitivity following kidney transplan-

tation using the gold standard method of hyperinsuli-

naemic–euglycaemic clamp technique. Furthermore, we

sought to characterize this change using both glucose

and glycerol tracers in order to measure insulin sensitiv-

ity on peripheral glucose uptake, endogenous glucose

production and whole-body lipolysis. We hypothesized

that the insulin sensitivity was impaired after kidney

transplantation in nondiabetic patients.

Materials and methods

Subjects

Nine patients awaiting living donor kidney transplanta-

tion in Denmark at Department of Nephrology,

Rigshospitalet (N = 7), Department of Nephrology,

Odense University Hospital (N = 1) and Department of

Nephrology, Herlev Hospital (N = 1) were included

from October 2007 to March 2014. Exclusion criteria

included diabetes (diagnosed according to WHO criteria

[15]), previous transplantation, planned AB0-incompa-

tible transplantation, treatment with peritoneal dialysis

and daily intake of medication known to influence

glucose metabolism (including pretransplant oral gluco-

corticoids and calcineurin inhibitors). Nine age-, gender-

and BMI-matched subjects with normal kidney function

were recruited by advertising and served as controls.

Study design and experimental procedures

All participants included were screened with an oral glu-

cose tolerance test with plasma glucose samples drawn

before and 2 h after ingestion of 75 g glucose dissolved in

250 ml water. A hyperinsulinaemic–euglycaemic glucose

clamp was performed before (PreTx) and 6 months after

transplantation (PostTx) and once in control subjects

(Ctrl): after an 8-h overnight fast and refrain from

morning medications, a cubital vein catheter was inserted

for infusions and a venous catheter in the contralateral

forearm/hand for blood samples, heated to approximately

50 °C by a heating blanket to arterialize the blood. After

baseline samples were drawn, a bolus of the tracers

[6,6-2H2]glucose (17.6 lmol/kg) and [1,1,2,3,3-5H2]glyc-

erol (1.5 lmol/kg; Cambridge Isotope Laboratories Inc.,

Tewksbury, MA, USA) was administered followed by a

constant tracer infusion (glucose: 0.4 lmol/kg/min and

glycerol: 0.1 lmol/kg/min).

After 2 h (Time 120 min), an additional infusion of

human insulin (20 mU/m2/min, Actrapid; Novo Nor-

disk, Copenhagen, Denmark) was administered while

increasing the rate of glucose tracer infusion to 0.6 lmol/

kg/min and decreasing the rate of glycerol tracer to

0.05 lmol/kg/min. From time 120 to 300 min, blood

samples were collected 5–15 min apart and immediately

analysed for plasma glucose (ABL; Radiometer, Brønshøj,

Denmark). A variable infusion of 200 g/l glucose was

adjusted accordingly to target a plasma glucose of

5 mmol/l. Blood samples for later analyses were drawn at

Time �5, 0, 90, 105, 120, 150, 180, 210, 240, 270 and

300 min. Results from glucose tracers were obtained in

six patients with corresponding controls and results from

glycerol tracers in five patients with corresponding con-

trols. Glycerol concentrations were obtained in all partici-

pants. Body composition was determined before and

6 months after transplantation and once in control sub-

jects by a Dual-energy X-ray absorptiometry (DXA) scan

(XR-46; Norland, Fort Atkinson, WI, USA).

Analyses

Baseline blood samples were analysed immediately as

routine samples at Department of Clinical Biochemistry,

Rigshospitalet. Serum insulin was also analysed immedi-

ately with a sandwich electro-chemiluminescence

immunoassay (ECLIA) method (5% maximum com-

bined intra- and interassay variability; Elecsys, Roche

Diagnostics GmbH, Mannheim, Germany). Glucose and

glycerol enrichments were analysed as previously

described [16]. Blood samples for later analyses were

centrifuged after collection for 10 min at 2000 g and

4 °C. Serum samples were stored 30 min in room tem-

perature prior to centrifugation. Plasma and serum

samples were frozen to and stored at �20 °C for subse-

quent en bloc analyses. Plasma glucagon was analysed

with a sandwich enzyme-linked immunosorbent assay

(ELISA) method (9.5% maximum combined intra- and

interassay variability; Mercodia AB, Uppsala, Sweden)

which has been validated in uraemic patients [17].

Stable isotope tracer calculations

Endogenous glucose production during clamp (glucose

rate of appearance at time t, Glucose RaEndo(t)) and
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peripheral glucose uptake during clamp (glucose rate of

disappearance at time t, Glucose Rd(t)) were calculated

using single pool, non-steady-state kinetics with an effec-

tive volume of glucose distribution of 70 ml/kg [18]:

Glucose RaEndoðtÞ ¼
F � pVd � �C � DEDt

�E
� GIR

Glucose RdðtÞ ¼ F � pVd � �C � DEDt
�E

� pVd � DC
Dt

where F is the glucose tracer infusion rate (lmol/kg/

min), pVd the effective volume of glucose distribution

(ml/kg), �C the mean glucose concentration from sample

collected at time t and the previous sample (lmol/l), DE
the difference in glucose enrichment from sample

collected at time t and the previous sample, Dt the time

difference from the previous sample to time t (min), �E

the mean glucose enrichment from sample collected at

time t and the previous sample, GIR the mean nonen-

riched glucose infusion rate from time t and the rate

where the previous sample was drawn (lmol/kg/min)

and DC is the difference in glucose concentration from

sample collected at time t and the previous sample.

The glucose rate of appearance and rate of disappear-

ance in the basal period were calculated using steady-

state kinetics.

Whole-body lipolysis during clamp (glycerol rate of

appearance at time t, Glycerol Ra(t)) was calculated using

single pool, non-steady-state kinetics with an effective

volume of glycerol distribution of 330 ml/kg [19]:

Glycerol RaðtÞ ¼ F � pVd � �C � DEDt
�E

� F

where F is the glycerol tracer infusion rate (lmol/kg/

min), pVd the effective volume of glycerol distribution

(ml/kg), �C the mean glycerol concentration from sample

collected at time t and the previous sample (lmol/l), DE
the difference in glycerol enrichment from sample

collected at time t and the previous sample, Dt the time

difference from the previous sample to time t (min) and �E

the mean glycerol enrichment from sample collected at

time t and the previous sample.

Glycerol rate of appearance in the basal period was

calculated using steady-state kinetics.

Statistical analysis

Differences were analysed using Student’s t-test – paired

within patients (PostTx – PreTx) and unpaired between

patients before transplantation and controls (PreTx –

Ctrl). Distributions were graphically evaluated prior to test

for approximate normality, and folded F-test was used to

evaluate equality of variances. The Satterthwaite correction

was used in the presence of unequal variances. Average

plasma glucose concentration and average glucose infusion

rate during clamp were calculated as the total area under

the curve (AUC) divided by time (180 min). Insulin con-

centrations in the basal period and glucagon and glycerol

measurements during both basal and clamp period showed

a log-normal distribution and were subsequently logarith-

mic transformed prior to analysis and results back-trans-

formed. As a consequence, these values are in geometric

means and differences are in relative units. Otherwise,

results are expressed as means with either range or 95%

confidence limits (Cl) unless otherwise stated. All results

were analysed using SAS
� 9.4 (SAS Institute Inc., Cary, NC,

USA). P values < 0.05 were considered significant.

Study protocol

The study protocol was an amendment to a previous

reported trial [11] and approved by the Scientific-Ethi-

cal Committee of the Capital Region of Denmark

(H-KF-279825) and by the Danish Data Protection

Agency (2006-41-5640). Written informed consent was

obtained from all participants before inclusion, and the

study was conducted according to the latest revision of

the Helsinki Declaration.

Results

Patient characteristics and fasting values

Kidney diseases in patients included glomerulonephritis

(N = 3), focal segmental glomerulosclerosis (N = 1),

polycystic kidney disease (N = 1), congenital urinary

tract abnormality (N = 1), Alport syndrome (N = 1)

and unknown (N = 2). Three patients had initiated

chronic haemodialysis treatment 4, 9 and 14 months

prior to transplantation. Patients and controls were sim-

ilar according to age, gender and BMI (Table 1).

Patients had a nonsignificant higher blood pressure than

controls with eight patients receiving between one and

three antihypertensive agents both prior to and after

transplantation (excluding furosemide) (Table 1).

Immunosuppressive treatments

At the initiation of transplantation, the patients received

immunosuppressive therapy including induction with

basiliximab, cyclosporine (N = 4) or tacrolimus (N = 5),
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mycophenolate mofetil (MMF) or mycophenolic acid and

prednisolone/methylprednisolone (one treated with gluco-

corticoid-free protocol). Following transplantation, pred-

nisolone was tapered down individually to 5–12.5 mg/day

(median: 7.5 mg) 6 months after transplantation. One

patient had the immunosuppressive treatment changed

fromMMF to azathioprine due to abdominal pain, another

changed from tacrolimus to everolimus due to a suspected

impact on the graft function and a third changed from

prednisolone to deflazacort. Mean blood trough levels of

calcineurin/mTOR inhibitors 6 months after transplanta-

tion were 103 lg/l for cyclosporine [N = 3, excluding one

patient on glucocorticoid-free protocol (B-cyclosporine,

2 h postdose: 767 lg/l)], 7.1 lg/l for tacrolimus (N = 4)

and 6.4 lg/l for everolimus (N = 1). Four patients were

suspected of having rejection in the period between clamp

examinations, one due to a delayed graft function and three

due to an increase in plasma creatinine. The patients

received a short (1–3 days) treatment with methylpred-

nisolone (250–500 mg/day) all within the first month after

transplantation. Graft biopsies confirmed acute rejection

grade 1b in one patient, borderline acute rejection in

another but no histological signs of acute rejection in the

remaining two patients.

Glucose concentrations and infusion rates

On the screening day prior to transplantation, one

patient had impaired fasting glucose (plasma glucose

6.5 mmol/l) and another patient had impaired glucose

tolerance (2-h plasma glucose 8.7 mmol/l), while the

remaining participants had normal fasting glucose and

normal glucose tolerance. Patients had significant higher

2-h plasma glucose value than controls [PreTx – Ctrl:

1.6 Cl (0.4–2.8) mmol/l] (Table 2). Glycated haemoglo-

bin (HbA1c) increased slightly after transplantation

(PostTx – PreTx: 0.2 Cl [0.04–0.4] % (2.2 Cl [0.4–
4.0] mmol/mol)) and was similar in controls and

patients before transplantation.

During the hyperinsulinaemic clamp, plasma glucose

was regulated to similar concentration levels in patients

before and after transplantation and in controls

(Table 3). Insulin sensitivity measured by the average

glucose infusion rate to maintain euglycaemia decreased

significantly 6 months after transplantation [PostTx –
PreTx: �5.3 Cl (�8.9 to �1.7) lmol/kg/min] and

tended to be lower in patients before transplantation

than in controls [PreTx – Ctrl: �5.1 Cl (�12.3 to 2.1)

lmol/kg/min] (Table 3 and Fig. 1a).

Endogenous glucose production and peripheral

glucose uptake

In the basal period, endogenous glucose production/pe-

ripheral glucose uptake measured by glucose rate of

appearance/disappearance was similar in patients before

and after transplantation and in controls [PostTx –
PreTx: 0.5 Cl (�1.1 to 2.2) lmol/kg/min; PreTx – Ctrl:

�0.4 Cl (�3.2 to 2.3) lmol/kg/min]. During the hyper-

insulinaemic clamp, endogenous glucose production

was significantly less suppressed after transplantation

[PostTx – PreTx: 2.4 Cl (0.1–4.8) lmol/kg/min] while

similarly suppressed in controls and patients before

transplantation [PreTx – Ctrl: 0.0 Cl (�5.1 to 5.1)

lmol/kg/min]. Peripheral glucose uptake during the

clamp was similar in patients before and after transplan-

tation and in controls [PostTx – PreTx: �1.0 Cl (�4.5

to 6.5) lmol/kg/min; PreTx – Ctrl: �4.2 Cl (�11.6 to

3.1) lmol/kg/min] (Table 3 and Fig. 1b).

Insulin and glucagon

In the basal period, insulin concentration was similar in

patients before and after transplantation and in controls

[change from PreTx to PostTx: 22 Cl (�15 to 74)%;

difference from Ctrl to PreTx: 58 Cl (�23 to 221)%].

During the hyperinsulinaemic clamp, the insulin con-

centrations were also comparable [PostTx – PreTx:

�45.0 Cl (�119.9 to 29.9) pmol/l; PreTx – Ctrl: 74.4 Cl

(�24.9 to 173.6) pmol/l] (Table 3).

Table 1. Baseline characteristics.

PreTx Ctrl

Demographics
Age (years) 33 (19–63) 29 (23 – 45)
Gender (m/f) 7/2 7/2
Caucasian (N) 7 9
BMI (kg/m2) 24.5 (21.7–28.1) 24.6 (21.7–27.6)

Clinical
Systolic BP (mmHg) 138 (110–176) 123 (99–138)
Diastolic BP (mmHg) 83 (60–99) 76 (61–103)
Pulse (bpm) 69 (54–92) 66 (51–98)
AH treatment (N) 8 1
CVD (N) 2 (NYHA II) 0

PreTx, before transplantation; Ctrl, control subjects; BMI,
body mass index; BP, blood pressure; bpm, beats per minute;
AH, antihypertensive; CVD, cardiovascular disease; NYHA,
New York Heart Association Functional Classification.

Values expressed as mean (range) or as number.

There were no significant differences (P < 0.05) between any
baseline characteristics.
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Table 2. Body composition and biochemical measures.

PreTx PostTx Ctrl

Body composition
Weight (kg) 77.1 (51.4–87.5) 81.6 (55.2–92.9)* 78.9 (54.4–95.5)
Total fat mass (kg) 20.4 (11.1–34.5) 26.1 (14.6–39.1)* 19.0 (7.1–49.1)
Fat percentage (%) 26.7 (14.6–41.6) 32.4 (20.1–42.7)* 23.3 (9.2–53.8)
Lean body mass (kg) 55.9 (34.6–67.6) 54.8 (34.1–67.0) 58.4 (42.8–69.8)
Trunk-to-limb fat ratio (%) 100.2 (77.1–134.1) 93.5 (60.1–126.6) 82.5 (50.0–133.3)

Biochemical
Creatinine (lmol/l) 741 (533–1,320) 163 (106–374)* 77 (60–90)†
Glucose (mmol/l) 5.1 (4.4–6.5) 5.3 (4.6–6.0) 4.8 (4.0–5.4)
2-h glucose (mmol/l) 6.9 (4.8–8.7) – 5.3 (3.8–7.5)†
HbA1c (%)
HbA1c (mmol/mol)

5.1 (4.4–5.5)
32.7 (24.6–37.0)

5.3 (4.9–5.8)*
34.9 (30.1–40.0)*

5.2 (4.9–5.4)
32.8 (30.0–36.0)

Cholesterol (mmol/l) 4.6 (2.3–6.2) 5.5 (3.8–8.7) 4.3 (3.6–4.9)
HDL (mmol/l) 1.2 (0.8–2.0) 1.2 (0.9–1.6) 1.5 (0.9–2.5)
LDL (mmol/l) 2.7 (1.5–4.4) 3.1 (2.1–6.0) 2.6 (1.6–3.0)
VLDL (mmol/l) 0.8 (0.0–2.4) 1.2 (0.2–5.1) 0.3 (0.0–0.7)
Triglycerides (mmol/l) 2.3 (0.7–6.2) 3.4 (1.3–12.8) 1.0 (0.6–2.6)

PreTx, before transplantation; PostTx, 6 months after transplantation; Ctrl, control subjects; HDL, high-density lipoprotein; LDL,
low-density lipoprotein; VLDL, very low-density lipoprotein.

Values expressed as mean (range). 2-h glucose is measured during the oral glucose tolerance test. All other biochemical results
are fasting values.

*Significant difference between PreTx and PostTx (P < 0.05).

†Significant difference between PreTx and Ctrl (P < 0.05).

Table 3. Average values during clamp examination.

PreTx PostTx Ctrl

Basal period
Insulin (pmol/l) 66.8 (27.0–252.0) 81.4 (45.0–223.0) 42.4 (16.0–168.0)
Glucagon (pmol/l) 23.8 (11.7–65.9) 12.5 (4.4–35.1)* 8.3 (4.2–13.4)†
Glucose RaEndo (lmol/kg/min) 12.8 (10.1–14.7) 13.3 (10.2–14.5) 13.2 (9.3–15.6)
Glycerol Ra (lmol/kg/min) 2.6 (1.5–5.3) 4.3 (2.1–8.6) 3.2 (1.9–6.9)
Glycerol (lmol/l) 62 (37–109) 94 (57–221)* 83 (54–227)

Clamp period
Glucose (mmol/l) 4.9 (4.7–5.3) 5.1 (4.7–5.5) 5.0 (4.7–5.3)
GIR (lmol/kg/min) 15.1 (9.1–23.7) 9.8 (2.8–14.6)* 20.2 (9.9–33.7)
Insulin (pmol/l) 319 (135–536) 274 (199–389) 244 (164–364)
Glucagon (pmol/l) 12.7 (5.4–27.7) 7.6 (2.3–32.3)* 2.9 (0.7–7.1)†
Glucose RaEndo (lmol/kg/min) 7.0 (4.8–8.5) 9.4 (7.4–11.8)* 7.0 (�3.8 to 10.1)
Glucose Rd (lmol/kg/min) 18.1 (12.9–24.5) 17.1 (12.2–22.7) 22.3 (14.6–34.3)
Glycerol Ra (lmol/kg/min) 1.1 (0.8–1.3) 2.0 (1.0–3.7)* 1.1 (0.8–2.5)
Glycerol (lmol/l) 32 (18–62) 45 (20–99) 33 (16–112)

PreTx, before transplantation; PostTx, 6 months after transplantation; Ctrl, control subjects; GIR, glucose infusion rate; Glucose
RaEndo, rate of glucose appearance; Glucose Rd, rate of glucose disappearance; Glycerol Ra, rate of glycerol appearance.

Glucose RaEndo (N = 6), glucose Rd (N = 6) and glycerol Ra (N = 5) measured in a subset of the participants. Values expressed
as mean or geometric mean (range).

*Significant difference between PreTx and PostTx (P < 0.05).

†Significant difference between PreTx and Ctrl (P < 0.05).
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In the basal period, glucagon concentration was sig-

nificantly lower after transplantation [change from

PreTx to PostTx: �47 Cl (�69 to �10)%] and in con-

trols [difference from Ctrl to PreTx: 187 Cl (77–
366)%]. During the hyperinsulinaemic clamp, glucagon

was suppressed to a significantly lower concentration

after transplantation [change from PreTx to PostTx:

�40 Cl (�61 to �8)%] and in controls [difference from

Ctrl to PreTx: 341 Cl (135–729)%] (Table 3).

Whole-body lipolysis

In the basal period, whole-body lipolysis measured by

glycerol rate of appearance was similar in patients

before and after transplantation and in controls [change

from PreTx to PostTx: 63 Cl (�9 to 192)%; difference

from Ctrl to PreTx: �17 Cl (�61 to 75)%]. During the

hyperinsulinaemic clamp, whole-body lipolysis was sig-

nificantly less suppressed after transplantation [change

from PreTx to PostTx: 75 Cl (3–196)%] while similarly

suppressed in controls and patients before transplanta-

tion [difference from Ctrl to PreTx: �1 Cl (�42 to

69)%] (Table 3).

In the basal period, glycerol concentration was signif-

icantly higher after transplantation [change from PreTx

to PostTx: 50 Cl (20–86)%] with similar concentrations

in the controls and the patients before transplantation

[difference from Ctrl to PreTx: �25 Cl (�53 to 20)%].

During the hyperinsulinaemic clamp, glycerol was sup-

pressed to similar concentrations in patients before and

after transplantation and in controls [change from

PreTx to PostTx: 75 Cl (�7 to 103)%; difference from

Ctrl to PreTx: �2 Cl (�49 to 57)%] (Table 3).

Body composition by DXA

Six months after transplantation, patients significantly

gained weight [PostTx – PreTx: 4.5 Cl (0.6–8.5) kg]

with increased total fat mass [PostTx – PreTx: 5.7 Cl

(1.6–9.8) kg] and fat percentage [PostTx – PreTx: 5.7

Cl (1.9–9.6) percentage point] and similar lean body

mass [PostTx – PreTx: �1.1 Cl (�3.4 to 1.2) kg]. Prior

to transplantation, patients had similar body composi-

tion as controls (Table 2).

Follow-up

After a mean follow-up period of 5.9 years (range 3.4–
9.0) from transplantation, one patient had chronic graft

failure treated with dialysis and the remaining eight

patients had a functioning graft with mean eGFR

45 ml/min/1.73 m2 (range 26–78). One 32-year-old

Caucasian male with no family disposition to diabetes

and treated with cyclosporine developed PTDM 8 years

after transplantation. This patient had a normal fasting

glucose and glucose tolerance but elevated fasting levels

of insulin, triglycerides and a relative low insulin sensi-

tivity (average glucose infusion rate 10.3 lmol/kg/min)

before transplantation. The patient had a marginal

weight gain (1.1 kg) 6 months after transplantation.
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Discussion

We show that insulin sensitivity, as measured by the

hyperinsulinaemic–euglycaemic clamp, is reduced

6 months after kidney transplantation and characterized

by an impaired suppression of the endogenous glucose

production and whole-body lipolysis, whereas peripheral

glucose uptake was unaffected.

Determining alterations in insulin sensitivity after

kidney transplantation is challenging. The renal clear-

ance of glucoregulatory hormones and the metabolic

activity such as gluconeogenesis of both the diseased

kidneys as well as the transplanted kidney graft is diffi-

cult to predict. Models using the assumption of an

unchanged insulin action or a specific dose–response
curve between glucose and insulin are therefore biased.

Moreover, several indices of insulin sensitivity have

reduced prognostic value when used in longitudinal

studies [20] and hence not suitable to measure develop-

ment of insulin resistance.

Therefore, in the present study, we used the hyperin-

sulinaemic–euglycaemic clamp method as described by

DeFronzo et al. [21] which offers a more direct measure

of the insulin sensitivity as it minimizes the variation of

glucose and glucoregulatory hormones and thereby

bypassing the dynamic feedback loop of glucose and

insulin. The method does not assume any specific dose–
response curve (linear or nonlinear) between glucose

and insulin and has been proven to be reproducible

[21,22]. To our knowledge, the present study is the first

to investigate insulin sensitivity using the hyperinsuli-

naemic–euglycaemic clamp in a longitudinal study of

kidney transplant patients.

Our finding of a marked decrease in insulin sensitiv-

ity as measured by the hyperinsulinaemic–euglycaemic

clamp following kidney transplantation is in accordance

with some but not all previous studies. In a cross-sec-

tional study using the hyperinsulinaemic–euglycaemic

clamp with glucose tracers, Ekstrand et al. [7] found

that the peripheral glucose uptake in kidney trans-

planted patients was lower than seen in healthy con-

trols, while the endogenous glucose production was

similar. The results were similar whether the patients

had normal glucose tolerance or PTDM. In contrast, we

did not find a significant decrease in peripheral glucose

uptake but a significant impaired suppression of the

endogenous glucose production during the hyperinsuli-

naemic clamp. On an individual patient’s level though,

five of the six patients with glucose tracer data exhibited

a decrease in peripheral glucose uptake. Therefore, we

cannot exclude a reduced insulin sensitivity on

peripheral glucose uptake after transplantation. More-

over, in the study by Ekstrand et al., the endogenous

glucose production was almost completely suppressed in

both the patients and the controls which together with

the cross-sectional nature of their study may explain

why they did not detect an impaired suppression of the

endogenous glucose production after transplantation.

Longitudinal studies, using a wide variety of insulin

sensitivity indices, have indicated a decreased

[10,11,23], unchanged [9] and even improved [8,24]

insulin sensitivity following kidney transplantation.

Unfortunately, none of these indices differentiates

between insulin sensitivity on endogenous glucose pro-

duction and peripheral glucose uptake although indices

based on fasting glucose and insulin concentrations may

reflect the former to a greater extend [25]. Several

indices, including the homoeostatic model assessment

(HOMA) and insulin sensitivity indices from oral glu-

cose tolerance test, have been compared to the hyperin-

sulinaemic–euglycaemic clamp in transplanted patients

yielding correlation coefficients between 0.4 and 0.6

[26,27]. This moderate association between indices and

clamp derived measurements which decrease further in

a longitudinally setting [20] may explain the heteroge-

neous findings of the effect of kidney transplantation on

insulin sensitivity in the previous studies.

Elevated glucagon concentrations are commonly

observed in end-stage renal disease and have been

attributed to a reduced metabolic clearance rate [28],

although some assays may include other glucagon-like

immunoreactive compounds present to a larger extent

in patients with uraemia [29]. In the present study, we

confirmed the hyperglucagonaemia in the fasting state

as well as during the clamp using a glucagon assay vali-

dated in patients with end-stage renal disease [17]. After

transplantation, both the fasting and insulin-suppressed

glucagon levels decreased which may be due to an

increased metabolic clearance rate caused by the trans-

planted kidney. The endogenous glucose production in

the fasting state is expected to be affected by glucagon

concentrations, but interestingly, we did not find any

difference between the three groups. This could suggest

a hepatic glucagon resistance induced by uraemia and

partly alleviated by the transplantation as the endoge-

nous glucose production was unchanged after transplan-

tation in spite of nearly halved glucagon concentrations.

Further insights into the effect of glucagon following

transplantation are warranted.

The impact of kidney transplantation on insulins

ability to control adipose tissue breakdown of triglyc-

erides into glycerol and free fatty acids (lipolysis) has

Transplant International 2017; 30: 295–304 301

ª 2016 Steunstichting ESOT

Insulin sensitivity after kidney transplant



been sparsely investigated. We find that kidney trans-

planted patients develop a reduced effect of insulin to

inhibit lipolysis as shown by the impaired suppression

of glycerol rate of appearance during the hyperinsuli-

naemic–euglycaemic clamp. This is in accordance with

the results of Boden et al. [30] who furthermore found

similar fatty acid oxidation compared to healthy con-

trols in a cross-sectional study including six kidney

transplanted patients. In the basal period, we also found

elevated glycerol concentrations after transplantation

indicating an increased lipolysis in the fasting state as

well. In accordance, Ekstrand et al. [7] found elevated

fasting levels of free fatty acids in patients who devel-

oped diabetes after transplantation, but they did not

detect a difference in the effect of insulin on free fatty

acid concentration which may be explained by their rel-

ative high dose of insulin infusion which exceeded twice

the amount administered in the present study. The cau-

sal relationship of a reduced effect of insulin in adipose

tissue is uncertain though as an excess availability of

free fatty acids also reduces insulin sensitivity [31]. Fur-

ther studies should focus on the possible association

between lipolysis and insulin sensitivity following

transplantation.

One of the main factors in the pathogenesis of PTDM

is believed to be the mandatory use of immunosuppres-

sive drugs which have shown multiple diabetogenic

adverse effects. In experimental settings, glucocorticoids

induce both peripheral and central insulin resistance

[32], inhibit glucose mediated insulin secretion [33] and

decrease insulin-mediated suppression of lipolysis [34].

Likewise, longer treatment with calcineurin inhibitors as

well as mTOR inhibitors may also induce insulin resis-

tance [35], inhibit insulin secretion [36] and induce

lipolysis [37]. This is in agreement with clinical studies

where insulin resistance, impaired insulin secretion and

dyslipidaemia are associated with the extent of immuno-

suppressive treatment used [23,38,39].

Another known cause of insulin resistance is the urae-

mic intoxication itself. Although the precise mechanism

is uncertain, insulin resistance is observed in even mild

renal impairment [40] and dialysis seems to attenuate the

resistance to some extent [41]. After transplantation, the

uraemic intoxication is alleviated, and hence, insulin sen-

sitivity should increase, but graft failure by any cause such

as delayed graft function, rejection or infection could

diminish this beneficial effect on insulin sensitivity.

Our results confirm the development of insulin resis-

tance after transplantation characterized by higher lipol-

ysis and adipose weight gain which are all associated

with the development of diabetes. To reduce the risk of

PTDM, clinicians should minimize the use of immuno-

suppressive drugs while maintaining an optimal graft

function and avoid weight gain in the patients.

There are several limitations in this study. Firstly, the

size of the studied population is small and some results

were obtained in a subset. Although small sample sizes

are common in clinical experiments, some caution

should be taken when extrapolating the results to the

general population of kidney transplanted patients. Sec-

ondly, one of the premises of the clamp technique is

the achievement of similar insulin levels by constant

insulin infusion. As insulin is metabolized in the kid-

neys [13], the plasma concentration during the clamp

could be affected by a change in insulin clearance due

to the kidney transplantation itself. In the present study,

we observed that insulin levels during the clamp were

slightly numerical (not significant) higher before

transplantation; however, any significant effect on the

glucose utilization to these small differences in insulin

concentrations is not expected.

Conclusions

We find that insulin sensitivity, as measured by the

hyperinsulinaemic–euglycaemic clamp technique, is

reduced 6 months after kidney transplantation. The

suppression of endogenous glucose production and

lipolysis during the clamp was impaired after transplan-

tation, while insulin-mediated peripheral glucose uptake

remained stable. These findings suggest that a reduced

insulin sensitivity mainly based on suppression of

endogenous glucose production and lipolysis could be

significant contributors to the development of PTDM.
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