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Abstract

Background: Patients with diabetes have an increased risk for allograft rejection, possibly related
to peri-operative hyperglycaemia. Hyperglycaemia is also common following transplantation in pa-
tients without diabetes. We hypothesise that exposure of allograft tissue to hyperglycaemia could
influence the risk for rejection in any patient with high sugars. To investigate the relationship of
peri-operative glucose control to acute rejection in renal transplant patients without diabetes, all
patients receiving their first cadaveric graft in a single center were surveyed and patients without
diabetes receiving cyclosporin-based immunosuppression were reviewed (n = 230). Records of the
plasma blood glucose concentration following surgery and transplant variables pertaining to allo-
graft rejection were obtained. All variables suggestive of association were entered into multivariate
logistic regression analysis, their significance analysed and modeled.

Results: Hyperglycaemia (>8.0 mmol/L) occurs in over 73% of non-diabetic patients following sur-
gery. Glycaemic control immediately following renal transplantation independently predicted acute
rejection (Odds ratio=1.08). 42% of patients with a glucose < 8.0 mmol/L following surgery devel-
oped rejection compared to 71% of patients who had a serum glucose above this level. Hypergly-
caemia was not associated with any delay of graft function.

Conclusion: Hyperglycaemia is associated with an increased risk for allograft rejection. This is
consistent with similar findings in patients with diabetes. We hypothesise a causal link concordant
with epidemiological and in vitro evidence and propose further clinical research.

Background

Hyperglycaemia is common following renal transplanta-
tion [1]. Aside from patients with diabetes, many dialysis
patients have impaired glucose tolerance [2] and much
of the standard post-transplant management is diabe-
togenic. Recent data has demonstrated that patients with
diabetes are at increased risk for allograft rejection [3].
We have recently described how glycaemic control corre-
lates with allograft rejection in patients with diabetes,

raising the possibility of a causal association between
peri-operative hyperglycaemia and allograft rejection
[4]. Transplantation is a unique situation where naive
tissue may be suddenly subjected to a hostile hypergly-
caemic environment. Acute rejection is thought to be in-
itiated in the early postoperative period by antigen
presentation, possibly in response to allograft inflamma-
tion and injury. Acute hyperglycaemia is known to en-
hance ischaemic injury [5], antigen presentation [6],
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apoptosis [7], and augment the inflammatory response
[8]. We hypothesise that exposure of allograft tissue to
hyperglycaemia could influence the risk for rejection, not
only in diabetes, but in any patient with an elevated glu-
cose. This study investigates the relationship of peri-op-
erative hyperglycaemia to acute rejection in patients
without diabetes.

Methods

A retrospective review was made of the records for each
of the 365 patients who underwent their first cadaveric
renal transplant (CD1) at The Queen Elizabeth Hospital,
Adelaide, Australia between January 1990 and January
2000. Patients with primary graft failure, death without
graft function or graft loss due to technical complications
were excluded (n=25). All established diabetic patients
were also excluded (n = 50) and are studied elsewhere
[4]. Patients who did not carry the preoperative diagno-
sis of diabetes but who required insulin in the postoper-
ative period or subsequently developed de novo or post-
transplant diabetes mellitus were not designated as dia-
betic for the purposes of this study. All CD-1 patients
commencing Cyclosporin A, mycophenolate or azathio-
prine, and/or prednisolone as their starting immuno-
suppression on an intention-to-treat basis were
identified (n=230) and formed the primary study group.
In this protocol [9], cyclosporin A (5 mg/kg/d with
diltiazem or 8 mg/kg/d without diltiazem), mycopheno-
late (2 g/d) or azathioprine (2 mg/kg/d) were first given
orally 6-8 hours after transplantation. Every patient re-
ceived an intravenous bolus dose of 1 g of methylpred-
nisolone prior to surgery and 500 mg on the following
morning. Only CD1 patients sensitised to panel reactive
lymphocytotoxic antigens (peak PRA > 50%) or with a
positive T or B-cell cross-match received oral prednisolo-
ne (30 mg/d), commenced from day two after morning
blood testing.

The serum blood glucose immediately following surgery
(while still in theatre recovery) and fasting results from
the following two mornings were obtained from labora-
tory records. Transplant records were obtained from a
common database including donor age and gender, re-
cipient age, gender, and race, body mass index (kg/m?),
type of dialysis, ischaemic time, duration of operation,
PRA, peak and current, HLA-A, -B, and -DR matching.
Post-transplantation records of all (230) patients were
examined for the presence of allograft rejection. Acute
rejection was said to occur if biopsy-proven or clinical re-
jection occurred within 30 days of transplantation. If a
biopsy was not performed, clinical rejection was retro-
spectively identified by a sustained rise by more than
10% from the predicted serum creatinine, responsive to
adjunctive immunosuppressive therapy.
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Statistical tests

All variables considered as possible predictors of acute
rejection were entered into a multivariate logistic regres-
sion; initial bi-variable screening was not used. The full
model incorporated seven categorical variables (donor
gender, recipient gender, race, type of dialysis, sensitiza-
tion/use of oral prednisolone, the use of azathioprine or
mycophenolate, the presence of delayed graft function
requiring dialysis) scored one, zero and ten continuous
variables (donor age, recipient age, body mass index (kg/
m?), warm and cold ischaemic times, duration of opera-
tion and post operative glucose concentrations immedi-
ately following and on the two mornings after surgery).
HLA matching was also considered as a continuous vari-
able (scored 0-6). No collinearity was present in the full
data set. Variables were sequentially removed from the
model using the likelihood ratio test with the significance
level set at p=0.05. Functional form (in particular, non-
linearity) of continuous variables in the final model was
checked (i) graphically, using partial residual plots and
(i)formally, by both parametric and non-parametric
means. Categorical ("cut-point™) analysis of continuous
variables was not primarily utilized except when testing
for first order interactions. Model performance was as-
sessed using indices of calibration: Hosmer-Lemershow
%2 test (p > 0.1) and discrimination: area under the re-
ceiver operating curve (ROC) curve (acceptable discrim-
ination area > 0.7). Confidence intervals for the final
model were computed using the bootstrap method (BCa,
bias corrected and accelerated). The parameters of the fi-
nal model were estimated as risk ratios (generalized lin-
ear model with binomial family and log link) to correct
the odds ratio interpretation under conditions of com-
mon prevalence (>10%) in the study population. Uni-
variate results are expressed as + 95% confidence inter-
val. Stata® statistical software, version 6.0 (1999) was
used.

Results

Demographics

Two hundred and thirty patients were both not diabetic
at the time of admission and received cyclosporin-based
immunosuppression following successful transplanta-
tion. All (230) patients were reviewed in this study. Mean
age of the recipient was 44.7 + 1.7 years, and 60% of pa-
tients were men. 7 % of patients were Australian aborig-
inal. Mean donor age was 36.3 + 2.2 years. Mean HLA
match was 2.4 + 0.2 and mismatch 2.9 + 0.2 antigens. 18
% of patients were sensitised and therefore received oral
prednisolone from day two. 33% received mycopheno-
late and 67% received azathioprine.

Hyperglycaemia

The mean blood glucose concentration immediately after
surgery was 10.75 + 0.56 mmol/L (median 9.90 mmol/L,
range 5.0-25.6 mmol/L). The mean blood glucose con-
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centration taken the following morning (mean = 12.3 +
1.5 hours, range 7-16 hours after surgery) was 9.34 +
0.43 mmol/L (median 8.60) and 8.0 + 0.31 mmol/L on
the morning of day-2. A glucose concentration of greater
than 8.0 mmol/L was present in 73 % of patients in our
study with more than 31% having a glucose greater than
11.2 mmol/L immediately after surgery. 51% of all pa-
tients had glucose levels greater than 8.0 mmol/L both
after surgery and on the following morning. The inci-
dence of hyperglycaemia had no relationship to pre-op-
erative glucose levels, ischaemic time, duration of
operation, donor weight or age. In addition, the amount
of intra-operative or postoperative dextrose solutions re-
ceived by patients did not influence the incidence of hy-
perglycaemia. Glycaemic control immediately following
surgery correlated with control on subsequent days
(R%2=0.076).

Acute rejection

Acute rejection occurred in 147 patients (64% overall) at
a mean of 8.2 + 0.8 days after transplantation. 88 pa-
tients (60%) had biopsy-proven rejection and had 59 pa-
tients (40%) had clinical rejection without biopsy
confirmation. Six variables independently predicted al-
lograft rejection including donor youth, the use of azathi-
oprine (over mycophenolate), HLA-matching and the
presence of delayed graft function (table 1). Sensitisation
was inversely correlated with rejection in this study,
probably as a result of the exclusive use of oral steroids in
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this group. In addition, serum glucose immediately fol-
lowing renal transplantation was independently associ-
ated with acute rejection. (Full model: Hosmer-
Lemeshow %2 = 4.93, p=0.76, area under the ROC curve
= 0.75, Bootstrap 95% confidence interval 0.71-0.81).
The initial relationship between serum glucose and prob-
ability of rejection was assumed to be linear. However an
examination of partial residual plots suggested a non-
linear relationship. The power of this relationship was
identified using a non-linear power (Box-Tidwell) avail-
able in Stata statistical software [10]. This power func-
tion was subsequently used to generate a graph of
probability of rejection versus glucose concentration us-
ing a fractional polynomial routine (fig 1). The only sig-
nificant interaction, between glucose levels and the use
of prednisolone/sensitisation (p=0.01, likelihood ratio
test), was incorporated into this model (fig 2). This inter-
action was not able to be demonstrated using a different
estimator (BinReg). The mean glucose levels immediate-
ly following surgery were 9.8 + 0.78 mmol/L in patients
without rejection and 10.8 + 0.57 mmol/L in patients
with rejection. 42% of patients with a glucose < 8.0
mmol/L following surgery developed rejection com-
pared to 71% of patients who had a serum glucose above
this level. While persistent hyperglycaemia on the morn-
ing after surgery also predicted rejection, it did not offer
better discriminating power compared to that immedi-
ately following surgery.

Tablel

Model predictors for allograft rejection
Variable Risk ratio Standard Error P>|z| 95% confidence limits
Age (years) 0.993 0.002 0.009 9894094 9985157
Immediate graft function 0.782 0.101 0.060 6065589 1.009974
Azathioprine/MMF 1.159 0.118 0.147 9493317 1.416481
PRA> 50% + Prednisolone 0.595 0.104 0.003 4221672 .8384729
Number of HLA-matches 0.944 0.023 0.016 9004449 9894315
Glucose (mmol/L) 1.015 0.004 0.000 1.008164 1.022061

Discussion

Hyperglycaemia is common following transplantation in
patients without diabetes. 73 % of patients in our study
developed hyperglycaemia > 8.0 mmol/L following sur-
gery which persisted beyond 12-hours in 51% of patients.
Many patients with renal failure have so called "uraemic
pre-diabetes” characterised by impaired glucose toler-
ance, insulin resistance and hyperinsulinism [2]. In ad-
dition, standard peri-transplant management is
diabetogenic. Non-diabetic transplant recipients who
are treated with steroids show insulin resistance compa-

rable to diabetic patients [11]. Although all patients in
our study received the same large doses of methylpred-
nisolone, there was a wide range of glycaemic responses.
Certainly, even a slow infusion of 5% dextrose can cause
hyperglycaemia in a non-diabetic patient on steroids
[12], but the use of intra-operative or peri-operative dex-
trose did not correlate with blood sugar levels in our
study. Cyclosporin A may also affect insulin resistance
[13], although it seems unlikely that any patient in this
study would have received sufficient cyclosporin to pro-
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duce hyperglycaemia the morning following transplanta-
tion.
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Fractional polynomial showing the probability of rejection in
sensitised and un-sensitised CD| patients versus the immedi-
ate post operative glucose level.
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Figure 2

Fractional polynomial showing the probability of rejection in

sensitised and un-sensitised CD| patients versus the immedi-
ate post operative glucose level incorporating the interaction
term.

Some have suggested hyperglycaemia is simply an epi-
phenomenon, acting as a marker for more extensive
peri-operative insult [14]. However, blood glucose levels
in our study did not correlate with intra-operative blood
loss, duration of operation or cold ischaemic times. It is
also possible that more extensive renal damage may lead
to a greater rise in “stress' hormones. Some studies in
myocardial infarction have shown a correlation between
extent of ischaemic injury and glucose levels [14]. How-
ever immediacy of allograft function did not correlate
with sugar levels in our study.
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The Australia and New Zealand Dialysis and Transplant
registry (ANZDATA) has reported that renal transplant
patients with diabetes have more acute rejection [3]. We
have previously demonstrated that amongst patients
with diabetes, those with hyperglycaemia have enhanced
rejection rates [4]. We report here for the first time, that
peri-operative hyperglycaemia is also associated with an
increased risk of allograft rejection in patients without
diabetes. Patients with peri-operative hyperglycaemia
had significantly more rejection than those who re-
mained euglycaemic. Acute rejection is thought to be in-
itiated in the early post-operative period by allograft
injury and the inflammatory response to that injury. We
hypothesise that early hyperglycaemia may directly in-
crease the risk of allograft rejection by one of three broad
mechanisms.

First, high sugar levels may exacerbate warm ischaemic
damage, with the resulting tissue injury acting as trigger
for rejection. It is known that hyperglycaemia, worsens
renal ischaemic injury in experimental models [5], sug-
gesting a direct role for glucose. The generation of lactate
and reactive oxygen species are augmented by acute hy-
perglycaemia and re-perfusion injury may also be in-
creased [15]. High sugars have a direct vasoconstrictor
effect in non-diabetic renal vessels [16]. and result in en-
dothelial dysfunction through hyper-osmolarity, oxidant
formation, and protein kinase C (PKC) activation [17]. In
addition, high sugars may also have a pro-coagulant ef-
fect [7]. Although no relationship between glucose levels
and delayed graft function was observed in our study,
some studies have shown the incidence of delayed graft
function to be increased in patients with diabetes [18]. A
state of relative insulin deficiency (ie. hyperglycaemia)
may also result in reduced glucose uptake and increased
lipolysis in ischaemic tissue, leading to the generation of
toxic fatty acids [14]. This has prompted the use of insu-
lin in hyperglycaemic patients to prevent ischaemic inju-
ry following myocardial infarction. However most
patients with renal failure are hyperinsulinemic. It
seems unlikely that this level of hyperinsulinism, regard-
less of hyperglycaemia, would be inadequate to suppress
lipolysis in graft tissue.

Secondly, antigen presentation and co-stimulation are
increased in hyperglycaemia. The expression of MHC
class I and class II antigens on allograft cells are up-reg-
ulated by glucose-induced ischaemia/reperfusion injury
and oxidative stress [19]. The production of chemokines
that induce expression of MHC antigens are increased
[8] and the tissue response to interferon-gamma is en-
hanced by the presence of high glucose concentrations
[6]. Reactive oxygen species, potentiated by hyperglycae-
mia, are capable of activating peripheral dendritic cells
[20]. Apoptosis, also enhanced by hyperglycaemia [7],
can initiate re-perfusion-induced inflammation and tis-
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sue injury [21] as well as enhance antigen presentation
[22] Expression of co-stimulatory molecules are up-reg-
ulated directly by hyperglycaemia [8,23] and indirectly,
by glucose-enhanced ischaemia [24], and oxidative
stress [25].

Thirdly, hyperglycaemia induces an exaggerated inflam-
matory response to ischaemia/reperfusion and rejection
[8]. The acute phase response is increased by insulin de-
ficiency [14]. Production of Nuclear factor kappa B
(NFKkB) is enhanced in the presence of high glucose levels
[24], leading to up-regulation of both cellular and hu-
moral effectors of inflammation. Expression of adhesion
molecules including ICAM-1 and VGEF are increased by
hyperglycaemia [26]. In addition, increased expression
of CD18, VCAM-1, E-selectin [27] and the phosphoryla-
tion of PCAM-1 [28] combine to enhance the adhesion
and trans-endothelial migration of monocytes. Reactive
oxygen species, generated in hyperglycaemia, lead to the
induction of proinflammatory cytokines [29] and both
the production and activity of these cytokines including
TNF-o and interferon-gamma [6] may be enhanced by
high glucose levels. Augmented production of TGFB-1in
hyperglycaemia also suppresses the production of IL-10

[30].

Marked hyperglycaemia following steroid and surgery
also suggests the presence of the insulin resistance syn-
drome. This metabolic milieu (to which graft tissue
would be newly exposed) is characterised by hyperten-
sion, dyslipidaemia, hyperinsulinism and increased lev-
els of circulating advanced glycation end-products
(AGE), leptin, TNF-alpha, IL-1, IL-6, and IL-12.[31,32]
These may act, by themselves or in combination with hy-
perglycaemia, to up-regulate allograft injury or rejection.
Patients with the insulin resistance syndrome also pos-
sess abnormalities of the innate immune system includ-
ing an augmented cytokine responsiveness that may
predispose to rejection [32]. A recent study has shown
that pre-transplant serum C-reactive protein (CRP), a
recognised marker of inflammatory responsiveness also
independently predicts allograft rejection [33]. Peri-op-
erative hyperglycaemia could therefore identify such
allo-responsive patients without being causal. At the
same time, it would enable better targeting of immuno-
therapy. However, the fact that better sugar control re-
duced rejection rates in patients with diabetes (who pre-
sumably all have this milieu) suggests that
hyperglycaemia is more than just an marker of an occult
diabetic state. In addition, short-term intensive glycae-
mic control rapidly results in normalization of immune
function and markers of inflammation [34].

Patients on triple therapy in this study had substantially
less rejection than patients on double therapy. This is
consistent with other published work [9]. The reduced
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probability of rejection in patients who received oral
steroids patients appeared to be greatest in those with
very high glucose levels (Fig 2). This may be an effect
both of the relatively small numbers of patients with very
high glucose levels (at the tail) and of our modeling strat-
egy. The interaction was not demonstrated using a differ-
ent estimator. However, if real, this may also the
underscore the need for more potent immunotherapy in
hyperglycaemic patients who have an increased risk for
allograft rejection.

Conclusions

This, and previous studies by us, have shown that pa-
tients with early hyperglycaemia, whether diabetic or
not, have an increased risk for allograft rejection. While
hyperglycaemia is not the only risk for allograft rejection,
itis both common and eminently susceptible to interven-
tion. There are sound reasons why sugars should be
tightly controlled following transplantation in patients
with diabetes. Further, we believe the prevention of early
hyperglycaemia and attention to insulin resistance may
also serve to reduce allograft injury and decrease rejec-
tion episodes in patients without diabetes. Further re-
search is needed to determine if such interventions can
improve transplant outcomes.
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