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 Abstract 
  Background/Objective:  Post-transplant diabetes mellitus (PTDM) is both common and as-
sociated with poor outcomes after kidney transplantation. Our objective was to examine 
relationships of uremia-associated inflammation and adiponectin with PTDM.  Methods:  
Nondiabetic kidney transplant patients were enrolled with donor controls. Inflammatory 
cytokines and adiponectin were measured before and after transplantation. Adipose tissue 
was obtained for gene expression analysis. Glucose transport was quantified in vitro in 
C2C12 cells following cytokine exposure. The patients were monitored up to 12 months for 
PTDM.  Results:  We studied 36 controls and 32 transplant patients, of whom 11 (35%) de-
veloped PTDM. Compared to controls, plasma TNFα, IL-6, MCP-1, and CRP levels were high-
er in transplant patients (p < 0.01). In multivariable analysis, TNFα plasma levels before 
transplantation were associated with development of PTDM (OR = 2.03, p = 0.04). Visceral 
adipose tissue TNFα mRNA expression was higher in transplant patients than controls (fold 
change 1.33; p < 0.05). TNFα mRNA expression was also higher in patients who developed 
PTDM than in those who did not (fold change 1.42; p = 0.05), and adiponectin mRNA ex-
pression was lower (fold change 0.48; p < 0.05). The studies on the C2C12 cells demonstrat-
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ed an increase in glucose uptake following exposure to adiponectin and no significant 
change after exposure to TNFα alone. Concomitant TNFα and adiponectin exposure blunt-
ed adiponectin-induced glucose uptake (11% reduction; p < 0.001).  Conclusion:  Our in vitro 
and clinical observations suggest that TNFα could contribute to PTDM through an effect on 
adiponectin. Our study proposes that inflammation is involved in glucose regulation after 
kidney transplantation.  © 2016 S. Karger AG, Basel 

 Introduction 

 Post-transplant diabetes mellitus (PTDM) is a serious complication of organ transplan-
tation. The incidence of PTDM varies between 15 and 50% of kidney transplants, and PTDM 
is diagnosed most frequently during the first 12 months after transplantation  [1–3] . PTDM is 
an independent risk factor for cardiovascular events with a 60% increase in post-transplan-
tation myocardial infarction  [4] . PTDM is also associated with cerebrovascular accidents, 
aortic or lower-extremity arterial disease, higher rates of renal allograft loss, and mortality 
 [2] . Therefore, PTDM is common and associated with graft loss as well as patient morbidity 
and mortality.

  PTDM shares multiple risk factors with type 2 diabetes, but some characteristics intrinsic 
to transplanted patients increase the risk of PTDM. Insulin levels and insulin resistance (IR) 
are altered after kidney transplantation, which may play a role in the development of PTDM. 
Specifically, insulin clearance is restored after kidney transplantation in the functioning 
organ. Also, insulin secretion is reduced by calcineurin inhibitors, which are toxic to beta cells 
and limit insulin secretion  [5, 6] . Finally, IR worsens after kidney transplantation  [7] . 
Therefore, PTDM is further complicated by the combination of IR, which demands higher 
insulin secretion for glucose control, and the limited capacity of insulin production by the 
beta cells. Increased insulin clearance also reduces insulin levels and leads to hyperglycemia. 
The issue of the contribution of IR as compared to impaired insulin secretion as the seminal 
event that leads to PTDM remains unresolved  [8] .

  Patients with chronic kidney disease (CKD) and end-stage renal disease (ESRD) are 
exposed to a milieu of hormones, cytokines, and waste products that interact with the different 
organ systems. In patients with CKD, IR becomes more pronounced as the kidney function 
deteriorates  [9, 10] . The development of IR in kidney disease is driven at least in part by 
uremic solutes  [11]  and chronic inflammation  [12] . Despite marked reductions in levels of 
inflammatory cytokines and uremic toxins after kidney transplantation, kidney transplant 
patients develop diabetes after kidney transplantation at much higher rates than do dialysis 
patients  [3, 13] .

  The role of uremic inflammation and glucose regulation after kidney transplantation has 
not been clarified. Therefore, we conducted a series of studies including tissue studies from 
ESRD patients, with post-transplant follow-up, to quantify cytokine production and in vitro 
experiments in order to examine effects of cytokines on glucose transport. Our hypothesis is 
that inflammatory cytokines in uremic patients are associated with development of PTDM in 
this prospective cohort study. Subsequently, due to our findings, we set out to determine if 
adipose tissue of uremic patients has an increased expression of inflammatory cytokines. 
Furthermore, we tested in an in vitro model if the cytokines that are differentially expressed 
in adipose tissue of ESRD patients could affect glucose transport.
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  Subjects and Methods 

 General Design and Patient Recruitment 
 We designed a prospective cohort study of kidney transplant recipients and kidney donor controls whose 

surgery was performed at Thomas Jefferson University Hospital (TJUH). Criteria for inclusion included having 
kidney transplantation or donation at TJUH and a plan for follow-up with the TJUH transplant team. Exclusion 
criteria included multiorgan transplants, functional pancreas transplants, or diabetes before transplantation. 
Nondiabetic status was verified by fasting glucose measurement at the time of transplantation, as HbA 1c  was 
not consistently available for all the participants in their medical record. The patients were observed for 12 
months following transplantation and classified as having PTDM if they required treatment for diabetes with 
drugs or lifestyle modifications, or if they developed laboratory values consistent with diabetes by the ADA 
criteria  [1]  at least 3 months after transplant (once steroids had been withdrawn for 1 month).

  Plasma as well as adipose tissue samples were obtained at the time of transplantation or during donation. 
Demographic data and baseline characteristics were obtained from medical records. Plasma samples were 
also obtained from transplant recipients 3–6 months after transplantation at a clinical appointment once 
creatinine levels and immunosuppressive therapy had remained stable for at least 1 month (patients had 
unchanged calcineurin inhibitor dose with goal trough tacrolimus levels of 5–7 ng/ml). The transplant immu-
nosuppression protocol withdrew steroids after the second month following transplantation unless the 
participants had panel reactive antibody titers >20% or had lost a prior transplant secondary to acute 
rejection. The immunosuppression regimen of TJUH includes twice-daily tacrolimus to achieve a trough level 
of 5–7 ng/ml 3 months after transplantation, as well as mycophenolic acid 1,000 mg twice daily. All patients 
were maintained on tacrolimus. Only 2 participants did not receive mycophenolic acid, and one of them was 
maintained on azathioprine. Regarding steroid treatment, 18 of 32 ESRD participants received 5 mg of pred-
nisone for maintenance immunosuppression at the time of the follow-up visit.

  Procedures 
 Approximately 500 mg of visceral fat and 10 ml of blood were obtained from ESRD participants and 

controls while undergoing surgery. Only the transplant recipients had a second blood sample drawn 3–6 
months after transplantation. The blood samples were prepared for measurements of plasma adipokines 
including adiponectin, adiponectin high-molecular-weight fraction, IL-6, IL-8, MCP-1, CRP, and TNFα by 
ELISA as previously described  [14] . The visceral adipose tissue samples were prepared for mRNA analysis 
of adipokines including adiponectin, CRP, IL-6, IL-8, MCP-1, TNFα, and adiponectin receptors by real-time 
PCR as previously described  [14] . Gene expression was performed using a custom RT2 Profiler PCR array 
(Qiagen, Valencia, Calif., USA) per the manufacturer’s protocol. The data were analyzed using software 
provided by the manufacturer (http://www.qiagen.com/us/products/genes%20and%20pathways/data-
analysis-center-overview-page/). The final expression value was normalized to β 2 -microglobulin and β-actin. 
Data are presented as the average ratios in tissue of target mRNA to the reference genes in arbitrary units.

  In vitro Experiments 
 C2C12 myoblasts were obtained from the American Type Culture Collection (Manassas, Va., USA). Cells 

were cultured and differentiated as previously described  [14] . Differentiated myotubes were exposed to 
different concentrations of TNFα (0, 1, or 5 ng/ml; PeproTech, Rocky Hill, N.J., USA) with or without globular 
adiponectin (0, 1, and 2 μg/ml; PeproTech) for 48 h. A glucose uptake assay was performed using 2-NBDG 
(2-[N-(7-nitrobenz-2-oxa-1,3-diazol-4-yl)amino]-2-deoxy- D -glucose; Invitrogen, Carlsbad, Calif., USA). After 
exposure to TNFα and adiponectin, the myoblasts were incubated with prewarmed 2-NBDG solution (final 
concentration of 200 μ M ) for 15 min at 37   °   C. The cells were then analyzed by flow cytometry using a GFP 
signal detector with an excitation wavelength of 488 nm and an emission wavelength of 530 nm (to detect 
2-NBDG). Data analysis was performed using FlowJo 8.8 software.

  Statistical Methods 
 Continuous data are summarized by medians and the 1st and 3rd quartiles. Categorical data are summa-

rized by frequencies and percentages. Unadjusted comparisons of the distributions of variables between study 
groups were made using the ranks-based Kruskal-Wallis or Wilcoxon tests when data were continuous, or 
Fisher’s exact test when data were categorical. Where possible, pairwise comparisons were made between 
controls, ESRD patients with no PTDM, and PTDM patients, with p values adjusted for multiple comparison 
type I error rate inflation by permutation resampling of Fisher’s exact test or by the Dwass-Steel-Critchlow-
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Fligner method of adjusting for multiple Wilcoxon tests  [15] . We compared control baseline adipokine data to 
ESRD patient baseline and follow-up data. Logistic regression and a best subset selection procedure were used 
to assist in the development of a parsimonious model of the odds of PTDM among ESRD patients. Given the 
small number of PTDM events (n = 11), the maximum number of predictors for the final subset model was 
fixed, in advance, at two. Variables considered for selection included age, gender, BMI, race, cytomegalovirus 
antibody status, type of transplantation (preemptive vs. other), type of donor (living donor vs. other), prior 
transplant, prednisone at follow-up, and baseline levels of adipokines. Several of the adipokines were highly 
skewed and were natural logarithm transformed prior to modeling. The significance level for all tests was set, 
in advance, at 0.05. All statistical analyses were conducted using SAS 9.3.4 (SAS Institute, Cary, N.C., USA).

  Results 

 Participants’ Characteristics 
 Our final cohort included 32 ESRD patients that received a transplant and 36 controls. Of 

the 32 nondiabetic ESRD participants, 11 (34%) developed PTDM. PTDM was diagnosed up 

 Table 1.  Baseline characteristics summarized by medians [1st, 3rd quartiles] or frequencies (percentages)

Demographic variable Donor controls 
(n = 36)

pa  ESRD, no DM at transplantation pb

n o PTDM (n = 21) PTDM (n = 11)

Age, years 43.5 [35, 53] 0.35 46 [38, 53] 46 [40, 62] 0.56
Female 24 (67) 0.02 7 (33) 3 (27) 1.00
Race 0.49 1.00

African-American 4 (11) 2 (10) 3 (27)
Caucasian 31 (86) 16 (76) 8 (73)
Other 1 (3) 3 (14) 0 (0)

BMI 25.9 [22.2, 28.6] 0.41 27.9 [23.8, 31.7] 27 [25.1, 33.5] 1.00
Weight, lb 165 [142, 187] 0.11 184 [164, 220] 180 [175, 220] 0.92
Albumin, g/dl 4.4 [4.3, 4.6] 0.53 4.4 [4.2, 4.6]   4.4 [4.2, 4.5] 0.96
Fasting glucose, mg/dl 86 [78, 92] 0.17 86 [84, 93] 92 [82, 97] 0.64
Plasma creatinine, mg/dl 0.8 [0.7, 0.9] <0.01 7.7 [5.5, 9.8]   7.6 [6.8, 9.6] 1.00
Prior transplantation 2 (10) 3 (27) 0.31
HCV antibody positive 0 (0) 0.47 1 (5) 0 (0) 1.00
CMV antibody positive 15 (42) 0.16 6 (29) 7 (64) 0.30
Type of transplant donor 0.19

Deceased 5 (24) 2 (18)
Living – related 11 (52) 3 (27)
Living – unrelated 5 (24) 6 (55)

Type of renal replacement 0.44
Hemodialysis 10 (48) 7 (64)
Peritoneal dialysis 4 (19) 0 (0)
Preemptive 7 (33) 4 (36)

Cause of CKD 0.07
Hypertension 0 (0) 2 (18)
Glomerulonephritis 10 (48) 5 (45)
Cystic/polycystic 7 (33) 0 (0)
Lithium toxicity 0 (0) 1 (9)
Obstruction 0 (0) 1 (9)
 Reflux nephropathy 1 (5) 0 (0)
Systemic lupus erythematosus 2 (10) 0 (0)
Unknown 1 (5) 2 (18)

 a Two degrees of freedom test for any differences between groups. b No PTDM versus PTDM.
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to 6 months after transplantation in 7 out of the 11 patients, and 4 patients were diagnosed 
between 6 months and 1 year after transplantation.  Table 1  summarizes the patients’ and 
control group’s characteristics at the time of kidney transplantation. The fasting blood sugars 
in ESRD patients were all <100 mg/dl. The baseline characteristics were not significantly 
different between ESRD patients that developed PTDM and patients that did not ( table 1 ). It 
is noteworthy, however, that the upper quartile of age was 9 years higher in the PTDM group 
and our nonparametric testing procedure was not sensitive to that disparity in these data. 
The transplant patients’ characteristics at follow-up and 12 months after transplantation are 
summarized in online supplementary table 1 (see www.karger.com/doi/10.1159/000446294 
for all online suppl. material). There was a similar increase in weight and change in BMI in the 
patients that developed PTDM and the patients that did not. There were also no statistically 
significant differences in estimated glomerular filtration rate, time to follow-up, percentage 
of individuals on steroids, or percentage of patients that suffered acute rejection at any of the 
follow-up time points between the PTDM and non-PTDM groups.

  Plasma Adipokines 
 Adipokine plasma levels before transplantation (baseline) and 3–6 months after trans-

plantation (follow-up) are summarized in  tables 2  and  3 . At baseline ( table 2 ), ESRD patients 
had higher IL-6, TNFα, CRP, and MCP-1 levels than controls (p < 0.01). No differences in 
baseline levels of cytokines or adiponectin were found between those ESRD patients that 
developed PTDM and the ones who did not develop PTDM in univariable analysis.

  Three to 6 months following transplantation ( table 3 ), plasma cytokine levels were 
compared between the controls and transplant recipients with restored renal function (mean 
creatinine at follow-up 1.42 mg/dl). Despite improvement in renal function, IL-6, TNFα, and 
MCP-1 levels were significantly higher after transplantation when compared to controls at 
the time of donation (p < 0.05). There were no statistically significant differences in unad-
justed post-transplant mean levels of inflammatory cytokines and adiponectin between those 
who developed PTDM and those who did not at follow-up.

  Logistic regression analyses were performed to determine those baseline variables 
(clinical parameters and cytokines levels) that were most predictive of PTDM. The best two-
predictor logistic regression model of the odds of PTDM among nondiabetic ESRD patients 
included age and baseline log TNFα. TNFα tended to be higher at baseline among those ESRD 
patients that developed PTDM than among patients who did not, although the difference did 

 Table 2. Baseline cytokine levels summarized by medians [1st, 3rd quartiles]

Variable Donor controls pa ESRD, no DM at transplantation pb

no PTDM PTDM

IL-6, pg/ml 2.6 [2.1, 3.4] <0.01 4.7 [3.3, 7.2] 3.9 [2.7, 8.8] 0.78
IL-8, pg/ml 10.6 [8.5, 14.6] 0.87 12.3 [8.0, 16.5] 10.8 [8.4, 13.1] 0.93
Adiponectin, μg/ml 8.7 [5.4, 13.1] 0.19 12.4 [9.4, 17.0] 9.7 [5.5, 15.9] 0.73
HMW adiponectin, μg/ml 4.12 [2.57, 7.21] 0.35 6.69 [3.61, 8.76] 5.15 [2.57, 5.66] 0.46
Adiponectin ratio, %c 51.3 [47.3, 59.2] 0.62 58.9 [42.0, 69.0] 46.7 [30.8, 62.9] 0.87
TNFα, pg/ml 9.4 [8.3, 10.4] <0.01 15.2 [12.4, 20.1] 17.8 [13.3, 30.8] 0.36
CRP, mg/dl 1.2 [0.5, 2.4] <0.01 4.7 [1.5, 6.1] 2.1 [0.8, 4.0] 0.29
MCP-1, pg/ml 293 [207, 443] <0.01 406 [332, 491] 447 [350, 625] 0.72

HMW = High-molecular-weight. a Two degrees of freedom test for any differences between groups. b No PTDM versus PTDM. 
c HMW adiponectin/total adiponectin × 100.
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not reach statistical significance in unadjusted analysis (online suppl. fig. 1, p = 0.36). However, 
adjustment for the confounding attributable to the advanced age disparity between the 
groups revealed that for each 25% increase in TNFα the odds of developing PTDM were 
significantly increased (2-fold increase; OR TNFα  = 2.03, p = 0.04; OR age  = 1.02, p = 0.07). These 
results suggest that elevated TNFα prior to transplantation could be a predictor of subse-
quent PTDM.

  Plasma TNFα levels before transplantation were similar in patients with preemptive 
kidney transplants and patients that were on dialysis (19.3 and 15.95 pg/ml, respectively;
p = 0.99), and in patients that had a prior kidney transplant and patients that did not (20.1 
and 16.1 pg/ml, respectively; p = 0.22). TNFα levels at follow-up did not differ if the patients 
had their first post-transplant follow-up level measured early versus late (9.9, 11.2, and 12.7 
pg/ml for patients whose level was measured at  ≤ 90, 91–150, and >150 days, respectively;
p > 0.05 for the comparison between  ≤ 90 days and >150 days).

  Of those patients that developed PTDM, 55% were on prednisone at the time of the 
follow-up visit; similarly, 57% of those patients that did not develop PTDM were on pred-
nisone at follow-up.

  Adipose Tissue mRNA Data 
 Samples of visceral adipose tissue obtained at the time of surgery were investigated to 

determine the expression of inflammatory cytokines ( fig. 1 ). Compared to controls, mRNA 
expression of TNFα was significantly higher in visceral adipose tissue of ESRD patients (1.33-
fold change; p < 0.05). mRNA expression of IL-6, IL-8, CRP, and MCP-1 in visceral adipose 
tissue of ESRD participants was no different than in controls (data not shown). We have previ-
ously reported that there is an increase in mRNA expression of adiponectin and adiponectin 
receptor 1 in ESRD patients compared to controls  [16] .

  We then examined the expression of cytokines and adiponectin receptors in visceral fat 
of ESRD participants that developed PTDM compared to those who did not ( fig. 2 ). Patients 
who developed PTDM had increased mRNA expression of TNFα (1.42-fold change; p = 0.05) 
and lower adiponectin mRNA expression (0.48-fold change; p < 0.05) compared to those 
patients who did not. Adiponectin receptor 1 and adiponectin receptor 2 mRNA expression 
was similar in participants who developed PTDM and nondiabetic patients (fold changes: 
0.89 and 0.86, p = 0.33 and p = 0.49, respectively). There were no differences in expression 
of other inflammatory cytokines (data not shown).

 Table 3. Follow-up cytokine levels summarized by medians [1st, 3rd quartiles]

Variable Donor baseline pa ESRD, no DM at transplant pb

no PTDM follow-up PTDM follow-up

IL-6, pg/ml 2.6 [2.1, 3.4] 0.02 4.5 [2.7, 7.4] 4.7 [2.3, 6.4] 0.83
IL-8, pg/ml 10.6 [8.5, 14.6] 0.44 8.6 [6.1, 15.3] 12.2 [9.6, 13.0] 0.44
Adiponectin, μg/ml 8.7 [5.4, 13.1] 0.98 8.9 [6.0, 12.4] 9.6 [4.7, 13.4] 1.00
HMW adiponectin, μg/ml 4.12 [2.57, 7.21] 0.32 3.86 [1.80, 5.15] 3.09 [2.06, 4.63] 0.94
Adiponectin ratio, %c 51.3 [47.3, 59.2] <0.01 39.3 [37.1, 46.2] 38.5 [30.8, 46.8] 0.90
TNFα, pg/ml 9.4 [8.3, 10.4] 0.03 12.0 [10.8, 13.2] 11.4 [9.9, 12.7] 0.92
CRP, mg/dl 1.2 [0.5, 2.4] 0.10 1.7 [1.1, 3.4] 2.3 [0.8, 4.4] 0.97
MCP-1, pg/ml 293 [207, 443] <0.01 446 [386, 650] 436 [353, 628] 0.98

HMW = High-molecular-weight. a Two degrees of freedom test for any differences between groups. b No PTDM versus PTDM. 
c HMW adiponectin/total adiponectin × 100.
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  In vitro Study with C2C12 Cells 
 To further explore a possible role of TNFα in PTDM, we conducted a series of in vitro 

experiments utilizing the myoblast cell line C2C12. We exposed the cells to increasing concen-
trations of globular adiponectin and TNFα and studied cell glucose uptake by 2-NBDG (green 
fluorescent 2-deoxyglucose). 2-NBDG is taken up by cells but cannot be catabolized like 
glucose by hexokinase; hence, fluorescence intensity is a marker of glucose uptake  [17, 18] . 
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  Fig. 2.  Visceral fat mRNA expres-
sion of cytokines in ESRD partici-
pants. TNFα, adiponectin (ADI-
POQ), adiponectin receptor 1 
(ADIPOR1), and adiponectin re-
ceptor 2 (ADIPOR2) mRNA ex-
pression from visceral adipose 
tissue was assessed in ESRD par-
ticipants that developed PTDM 
versus ESRD patients that did not. 
TNFα mRNA fold change: 1.42, 
ADIPOQ mRNA fold change: 0.48, 
 *  p < 0.05; ADIPOR1 mRNA fold 
change: 0.89, p = 0.33; ADIPOR2 
mRNA fold change: 0.86, p = 0.49. 

  Fig. 1.  Visceral fat cytokine ex-
pression in ESRD participants 
versus controls. mRNA expres-
sion of TNFα was assessed in vis-
ceral adipose tissue of ESRD par-
ticipants and compared with con-
trols with normal kidney function. 
TNFα mRNA fold change: 1.33;
 *  p < 0.05. 
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As shown in  figure 3 , when cells were exposed to adiponectin only, there was a dose-dependent 
increase in glucose transport (10% increase with adiponectin 1 μg/ml and 45% increase with 
adiponectin 2 μg/ml; both p < 0.001). Alternatively, myoblast exposure to both adiponectin 
and TNFα resulted in a reduction of adiponectin-mediated glucose transport at both low- and 
high-dose adiponectin exposure (12% decrease with adiponectin 1 μg/ml-TNFα 1 ng/ml, p < 
0.001; 10% decrease with adiponectin 1 μg/ml-TNFα 5 ng/ml, p < 0.01; 9% decrease with 
adiponectin 2 μg/ml-TNFα 1 ng/ml, p < 0.15; 11% decrease with adiponectin 2 μg/ml-TNFα 
5 ng/ml, p < 0.05). In the absence of adiponectin (adiponectin 0 μg/ml), there was no change 
in glucose transport when myoblast cells were exposed to increasing concentrations of TNFα 
(p = 0.25 for TNFα 1 ng/ml and p = 0.32 for TNFα 5 ng/ml). The results of these in vitro exper-
iments demonstrate that TNFα impairs adiponectin-mediated glucose uptake. 

  Discussion 

 In this clinical study of ESRD patients that underwent kidney transplantation, we found 
a significant association between pre-transplant circulating TNFα levels and development of 
PTDM. We also demonstrated that TNFα mRNA levels in visceral adipose tissue of ESRD 
patients are higher than those of controls. Moreover, those patients that subsequently 
developed PTDM had higher TNFα and lower adiponectin mRNA expression in visceral 
adipose tissue than ESRD participants who did not. Data from our in vitro studies on a 
myoblast cell line demonstrate that TNFα blunts adiponectin-mediated glucose transport in 
muscle cells. Therefore, our study supports the concept that there is an interplay between 
TNFα and adiponectin in ESRD that impairs glucose transport and may facilitate the devel-
opment of PTDM.

  PTDM and diabetes present many similar risk factors  [2, 19–23] , but immunosuppressive 
medications and infections are specific to organ transplantation  [24–27] . Our study proposes 
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  Fig. 3.  Glucose uptake by 2-NBDG 
in C2C12 cells. C2C12 cells were 
treated with ascending doses of 
globular adiponectin (0, 1, and 2 
μg/ml) and TNFα (0, 1, and 5 ng/
ml) for 48 h.  *  p < 0.01,  *  *  p < 0.05. 
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that inflammation, in particular pre-transplant TNFα levels, also plays a significant role in the 
pathogenesis of PTDM.

  The relationship between chronic inflammation and glucose abnormalities in post-
transplant patients is unknown, but we demonstrated that inflammation, specifically TNFα 
levels, is associated with PTDM in CKD patients. On the other hand, there is a well-estab-
lished association of chronic inflammation with IR and diabetes among individuals with 
normal kidney function  [28–30] . Inflammatory cytokines facilitate the development of IR 
and diabetes through activation of cellular pathways such as NF-κB and JNK or activation of 
the NLRP3 inflammasome  [31, 32] . Increased production of TNFα by adipose tissue is 
believed to partially explain the relationship between inflammation and IR/diabetes with 
normal kidney function  [28] . In humans, TNFα has been shown to impair insulin-mediated 
glucose transport by directly altering insulin signaling  [33] . Specifically, TNFα is known to 
induce peripheral IR by inactivation of IRS-1 and subsequent inhibition of AKT phosphory-
lation and glucose transporter exocytosis. To our knowledge, this is the first report that links 
pre-transplant inflammation with glucose abnormalities after kidney transplantation. 
Moreover, our in vitro study suggests a novel mechanism by which TNFα can interfere with 
glucose metabolism.

  In contrast to TNFα, the anti-inflammatory cytokine adiponectin enhances glucose uptake 
and insulin sensitivity  [34] . In kidney transplant patients, adiponectin is inversely associated 
with PTDM despite higher circulating plasma levels compared with controls  [35, 36] . With 
our in vitro study, we wanted to determine if there was a relationship of TNFα and adipo-
nectin to glucose transport. In a muscle cell line model, we demonstrated that TNFα exposure 
blunts adiponectin-mediated glucose transport. Our data replicate those of other studies 
showing similar effects of adiponectin on glucose transport  [34, 37] , but they also expand the 
prior knowledge by demonstrating that the adiponectin response is dampened by concom-
itant TNFα exposure. Our clinical study demonstrates that TNFα plasma levels before trans-
plantation are associated with the development of PTDM, although we were not able to show 
an association between adiponectin and PTDM, most likely due to the limited sample size. In 
sum, we hypothesize based on our in vitro and clinical studies that TNFα in ESRD may 
contribute to subsequent development of PTDM by blunting adiponectin-mediated glucose 
transport, a mechanism that has not been previously described.

  Adiponectin is derived from adipocytes and is considered to be an antidiabetic cytokine. 
Low circulating levels of adiponectin in human obesity are thought to partially explain the 
relationship between obesity and IR, metabolic syndrome, or type 2 diabetes  [38] . However, 
in patients with loss of renal function, adiponectin plasma levels are markedly higher than in 
patients with normal renal function. In previous studies of uremic patients, we found an 
increased production of adiponectin by adipose tissue and higher circulating levels of adipo-
nectin compared to controls  [14] . We also determined that uremia induces adiponectin resis-
tance at the post-receptor level  [16] . In our current study, the in vitro experiments demon-
strated that TNFα blunts adiponectin-derived glucose transport in myocytes. These findings 
suggest that TNFα confers adiponectin resistance, thus providing a plausible novel mech-
anism for the development of PTDM.

  Our findings also indicate that uremic patients have a higher expression of TNFα mRNA 
in visceral adipose tissue than controls; thus, they are consistent with the findings of Roubicek 
et al.  [39] . These investigators reported higher inflammatory cell infiltration in adipose tissue 
and an increase in TNFα mRNA in visceral adipose tissue in ESRD patients compared to 
controls. Prior data have linked the dialysis process, clotted grafts, poor dentition, chronic 
infections, and comorbid conditions with the chronic inflammatory state seen in ESRD 
patients  [40] . These data suggest that adipose tissue inflammation contributes to the chronic 
inflammatory state seen in CKD and ESRD patients.
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  Moreover, data from our study indicated that uremic patients who developed PTDM also 
had a higher expression of TNFα mRNA and lower adiponectin mRNA expression in adipose 
tissue than uremic patients who did not develop PTDM. These data are in concordance with 
the observation made by Bayés et al.  [41]  that lower plasma adiponectin levels are associated 
with PTDM. Our study was not powered to detect differences in plasma adiponectin levels 
between PTDM and non-PTDM groups. The lower production of adiponectin by adipose 
tissue in patients that developed PTDM compared with patients that did not develop PTDM 
may be a more sensitive marker of impairment of adiponectin production than are plasma 
levels. It is plausible that patients who develop PTDM not only manifest adiponectin resis-
tance secondary to their kidney disease and inflammation but also have a limited capacity to 
produce adiponectin. Therefore, the tissue alterations in adipokine metabolism appear to be 
more pronounced in patients who subsequently develop PTDM.

  Our study has some limitations. The sample size was small, which may have limited its 
statistical power to detect associations between cytokines and PTDM. It was not possible to 
conduct an OGTT (oral glucose tolerance test) on participants prior to transplantation; 
therefore, it is possible that some diabetics could have been mislabeled as nondiabetics. 
HbA 1c  is not an acceptable alternative to detect diabetes in ESRD. There are many confounding 
factors that affect the accuracy of HbA 1c  measurements in ESRD  [42] , including shortened red 
blood cell survival, frequent blood loss, erythropoietin treatment, acidosis  [43] , and increased 
oxidative stress  [44] . In all participants, we corroborated a medical history and medical 
records with fasting blood glucose measurements prior to transplantation. Because no subject 
enrolled in the study had a fasting serum glucose level >100 mg/dl, we believe mislabeling of 
nondiabetic patients due to the lack of an OGTT was unlikely. We did not carry out any 
assessment of IR at the time of transplantation, since static methods of assessing IR are widely 
variable and not reliable in ESRD subjects  [45] . The incidence of PTDM in our study is slightly 
higher than in other studies  [1, 25, 46]  but probably reflects our particular population in the 
context of increased incidence of metabolic syndrome, ethnicity, and race stratification  [47] . 
In our adipose tissue studies, we were unable to distinguish whether macrophages or adipose 
cells are the main contributors to TNFα production. We decided to focus our study on visceral 
fat as it has been demonstrated to be metabolically more active than subcutaneous fat, and 
further studies should be done to determine if similar changes are also encountered in subcu-
taneous fat. Although our in vitro studies suggest that TNFα mediates adiponectin resistance, 
we did not delineate the exact mechanism.

  In summary, TNFα appears to be associated with development of PTDM. Adipose tissue 
from ESRD patients has an increased expression of TNFα mRNA, suggesting enhanced TNFα 
production. Our in vitro studies show that TNFα can impair adiponectin-mediated glucose 
transport. Therefore, a hypothetical mechanism for PTDM is that TNFα induces adiponectin 
resistance and concurrently there is a reduced capacity to produce adiponectin by adipose 
tissue. Our study proposes that inflammation is involved in glucose regulation independently 
of insulin after kidney transplantation.
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