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Abstract

Aims/hypothesis Bilirubin has antioxidant and anti-
inflammatory activities. Previous studies demonstrated that
higher bilirubin levels were associated with reduced preva-
lence of peripheral arterial disease (PAD). However, the
relationship between bilirubin and lower-limb amputation,
a consequence of PAD, is currently unknown. We hypoth-
esised that, in patients with type 2 diabetes, bilirubin
concentrations may inversely associate with lower-limb
amputation.
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Methods The relationship between baseline plasma total
bilirubin levels and amputation events was analysed in
9,795 type 2 diabetic patients from the Fenofibrate Interven-
tion and Event Lowering in Diabetes (FIELD) study. The
analysis plan was pre-specified. Lower-limb amputation
was adjudicated blinded to treatment allocation. Relevant
clinical and biochemical data were available for analyses.
Amputation was a pre-specified tertiary endpoint.

Results Bilirubin concentrations were significantly inversely
associated with lower-limb amputation, with a greater than
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threefold risk gradient across levels. Individuals with lower
bilirubin concentrations had a higher risk for first amputation
(HR 1.38 per 5 umol/l decrease in bilirubin concentration,
95% CI11.07, 1.79, p=0.013). The same association persisted
after adjustment for baseline variables, including age, height,
smoking status, y-glutamyltransferase level, HbA,, trial
treatment allocation (placebo vs fenofibrate), as well as previ-
ous PAD, non-PAD cardiovascular disease, amputation or
diabetic skin ulcer, neuropathy, nephropathy and diabetic
retinopathy (HR 1.38 per 5 umol/l decrease in bilirubin
concentration, 95% CI 1.05, 1.81, p=0.019).
Conclusions/interpretation Our results identify a significant
inverse relationship between bilirubin levels and total lower-
limb amputation, driven by major amputation. Our data
raise the hypothesis that bilirubin may protect against
amputation in type 2 diabetes.

Keywords Amputation - Bilirubin - Fenofibrate
Intervention and Event Lowering in Diabetes (FIELD) study -
Peripheral arterial disease - Type 2 diabetes mellitus

Abbreviations
CVD Cardiovascular disease

FIELD Fenofibrate Intervention and Event Lowering
in Diabetes

GGT v-Glutamyltransferase

HMOX-1 Haem oxygenase-1

IRR Incidence rate ratio

PAD Peripheral arterial disease

UGTI1A1l Uridine diphosphate glucuronosyltransferase-1
family polypeptide Al

Introduction

Non-traumatic lower-limb amputations are often the end-
stage clinical events in intractable limb ischaemia. Despite
modern therapy, peripheral arterial disease (PAD) remains a
major burden on the healthcare system, with at least one
amputation due to diabetes occurring every 30 s worldwide,
up to eight million patients in the USA being devastated by
immobility and significant morbidity, and an annual cost
exceeding US$1.6 billion in 2001 [1, 2]. Furthermore, at-
tention to classic vascular risk factors has failed to substan-
tially reduce the risk of amputation [3], highlighting the
need to find novel predictors and biomarkers for PAD and
amputation events that may help to identify new therapeutic
targets [4-6].

Bilirubin, a product of haem degradation, may confer
vascular protective effects [7, 8], and is therefore a possible
candidate biomarker for predicting amputation events. Ex-
perimental studies have reported that bilirubin possesses
potent antioxidant and anti-inflammatory properties in vitro

and in vivo [9-14]. Given that atherosclerosis and ischaemia
are characterised by a state of heightened inflammation and
oxidation [15, 16], it is conceivable that bilirubin may
confer beneficial effects through these known activities.
Consistent with this notion, case—control studies have
reported that individuals with elevated bilirubin levels
caused by Gilbert’s syndrome have a decreased incidence
of atherosclerotic disease compared with normal controls
[12, 14]. Also, previous studies reported an inverse relation-
ship between bilirubin levels and PAD prevalence [17-20].
However, the association between bilirubin and the hard
clinical endpoint of amputation events has not been
reported, to our knowledge. We therefore hypothesised that
plasma bilirubin concentrations may inversely associate
with lower-limb amputation. We studied this association in
a longitudinal cohort of individuals with type 2 diabetes, as
these patients have an eightfold higher amputation risk
compared with non-diabetic patients [21].

Methods

Study participants The relationship between baseline plas-
ma total bilirubin levels and non-traumatic amputation was
analysed in 9,795 type 2 diabetic patients from the FIELD
(Fenofibrate Intervention and Event Lowering in Diabetes)
study in a subsidiary analysis. In brief, patients in the FIELD
study were randomised to either fenofibrate or placebo
treatment between February 1998 and November 2000,
and were followed up for a median duration of 5 years
[22]. All patients were aged 50—75 years and had a diagno-
sis of type 2 diabetes according to WHO criteria [23].
Individuals with renal impairment, chronic liver disease,
symptomatic gallbladder disease, or those who had experi-
enced a cardiovascular event within the 3 months before
recruitment were excluded. Non-traumatic amputation was a
pre-specified tertiary endpoint. All amputations that oc-
curred during study follow-up (on-study amputations) were
adjudicated blinded to treatment allocation by two clinicians
separately, and any discrepancies were resolved by mutual
agreement. Pre-study amputations were adjudicated in the
same fashion. Major amputations were defined as those
above the ankle and minor amputations as those below the
ankle [3]. All patients provided written informed consent.
This study had ethics committee approval in accordance
with the Declaration of Helsinki and Good Clinical Practice
Guidelines. The original trial was registered with the Inter-
national Standard Randomised Controlled Trial Number
(ISRCTN) 64783481.

Laboratory measurements Early-morning fasting baseline
blood specimens were obtained in all individuals prior to

study randomisation. Plasma (EDTA) levels of total

@ Springer



726

Diabetologia (2013) 56:724-736

bilirubin, HbA . and +y-glutamyltransferase (GGT) were
determined using an automated analyser (Hitachi 917,
Roche Diagnostics, Basel, Switzerland). Total bilirubin
was measured as the plasma concentration expressed in
pumol/l using the Diazo method [24].

Baseline patient variables A medical history was obtained
to determine whether the patient had been diagnosed with or
experienced any of: claudication or PAD; prior amputation;
diabetic skin ulcer; diabetic retinopathy; neuropathy; or
cardiovascular disease (CVD). Age was categorised into
<65 years or >65 years. Previous PAD was present if the
patient was diagnosed with or experienced claudication or
PAD, and/or previous peripheral revascularisation. Prior
non-PAD CVD was defined as any history of CHD or
stroke. Neuropathy was present if the patient was diagnosed
with or experienced diabetic neuropathy, and/or the patient’s
foot had absent sensation on monofilament testing. Ne-
phropathy was defined by the presence of albuminuria as
previously described [3].

Statistical analyses All analyses were performed on an
intention-to-treat basis. Baseline characteristics were ana-
lysed with x? tests for categorical variables, ¢ tests for
continuous variables or, if the distribution of the data was
non-normal, the Wilcoxon rank-sum test. Cox proportional
hazards regression was used to compute HRs and 95% Cls
to assess the relationship between total bilirubin levels and
time to first amputation. As there were 190 amputations
occurring in 115 patients, a multiple-event analysis was
performed using Poisson regression modelling for all am-
putation events and adjusting for months of observation and
overdispersion, using the Pearson method. The computed
HR (or incidence rate ratio [IRR] for the Pearson method)
for the bilirubin effect was expressed as the increased risk
per 5 umol/l decrease in bilirubin (=1 SD, a statistically
relevant difference in bilirubin concentrations).

A multivariable analysis was also performed adjusting
for the following baseline covariates: age; height; smoking
status; HbA; history of previous PAD; amputation or dia-
betic skin ulcer; neuropathy; nephropathy; diabetic retinop-
athy; and trial treatment allocation (placebo vs fenofibrate).
These covariates (which were determined by use of back-
wards selection and then confirmed by exhaustive search
methods) were selected as they have been reported to be
significant predictors of first amputation in the FIELD study
[3]. Other prior CVD (non-PAD) was also included as a
covariate, as this is a well-recognised risk factor for PAD
and amputation [25]. Liver function test variables (alanine
transaminase and GGT) and alcohol intake were also con-
sidered as covariates, but GGT was the only significant
predictor of amputation and was therefore retained as a
covariate in the multivariable model. The possibility of
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over-fitting because of the large number of potential predic-
tors assessed and the small number of events was examined
by calculating the heuristic shrinkage factor. The shrinkage
factor of 0.92 indicates that the degree of over-fitting was
negligible. A test of interaction was conducted between
bilirubin level and treatment allocation. The cumulative risk
curves of time to first amputation across five ordered groups
of bilirubin level (categorised according to 5 pmol/l [=1SD]
increments in bilirubin concentration, i.e. 0-5, 610, 11-15,
16-20 and >21 umol/l) was calculated using the Kaplan—
Meier method, and the p value computed using the logrank
test of trend. The cumulative rate of amputation across the
five ordered groups of bilirubin levels was analysed using
the Cochran—Armitage trend test (after testing for linearity).
The test for deviation from linearity was conducted by
fitting a model including both a linear and a categorical
version of the variable-grouped bilirubin level. For this
method, the test of the overall effect of the individual
categories assesses the significance of a non-linear compo-
nent [26]. These tests were performed for both a logistic
regression (Cochran—Armitage trend test) and a Cox
model (logrank trend test) and indicated no deviation from
linearity.

Post hoc analyses were also undertaken according to
quintile of bilirubin concentration. A test of trend was
performed by fitting a Cox model including a discrete var-
iable derived using the median bilirubin level of each quin-
tile (as the ranges of bilirubin level within each quintile were
not equal); the level of significance was based on the score
test provided by the model. Deviation from linearity was
tested using the method described above. A Cox model was
also fitted that included the bilirubin quintile group as a
categorical variable, both unadjusted and adjusted for the
variables mentioned above. The lowest bilirubin quintile
was used as the reference category. Analyses were also
performed separately for major and minor amputations,
sex and smoking status, but in each case, there were insuf-
ficient events in at least one subgroup to perform adjusted
analyses.

The stability of bilirubin level over time was assessed by
calculation of the reliability ratio in a subset of 923 individ-
uals, with repeat measures at yearl. The reliability ratio
indicates the proportion of overall variation which is true
variation as opposed to true plus random variation (i.e. it
gives the ratio of the variance of true to observed bilirubin
concentration). Hypotheses and the substudy plan were
specified prior to data analyses. The substudy analysis plan
stipulated the use of the same statistical methods as in the
earlier FIELD amputation study [3], and that the five or-
dered groups of bilirubin were categorised according to ~1
SD increments in bilirubin concentration. As only five
patients, none of whom had undergone amputation, had
any missing data, no statistical adjustment was made for
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Table 3 Association between baseline plasma total bilirubin concen-
tration and risk of first amputation event, and total amputation events

Variable Risk of amputation (HR per 5 pmol/l p value
decrease in bilirubin, 95% CI)
First amputation event
Unadjusted 1.38 (1.07, 1.79) 0.013
Adjusted® 1.38 (1.05, 1.81) 0.019
Total amputation events®
Unadjusted 1.38 (1.02, 1.86) 0.035
Adjusted” 1.37 (1.08, 1.73) 0.009

To convert pmol/l to mg/dl, divide by 17.1

* Adjusted for the following baseline patient variables: age, height,
smoking status, GGT, HbA ., and history of previous PAD, non-PAD
CVD, amputation or diabetic skin ulcer, neuropathy, nephropathy and
diabetic retinopathy, as well as trial treatment allocation (placebo vs
fenofibrate)

® Poisson method: the IRR, analogous to the HR, is shown

this. A two-sided p value <0.05 was considered to indicate
statistical significance.

Results

The FIELD study enrolled 9,795 individuals, with only 22
being lost to follow-up and nine withdrawing from the
study. The mean age of the participants was 62+7 years,
with a median diabetes duration of 5 years (interquartile
range 2—10 years). There were 190 amputations occurring
in 115 patients, with 93 out of 6,045 (1.5%) men and 22 out
of 3,750 (0.6%) women suffering from >1 amputation. A
total of 35 patients experienced major amputations only, 65
minor amputations only, and 15 one or more of both cate-
gories. Baseline patient characteristics according to bilirubin

)

Cumulative risk (%)

level, sex, and amputation classification are shown in
Tables 1 and 2 and electronic supplementary material
(ESM) Table 1, respectively. Bilirubin levels were well
balanced by study treatment group. The mean baseline
plasma total bilirubin concentration was 9.7 umol/l (median
9.0, SD 4.6, range 1-70 umol/l). In a subset of 923 patients,
bilirubin concentration measured 1 year apart did not
change significantly, with a mean difference of only
0.3 umol/l between measurements and a reliability ratio
of 0.73.

Association between baseline plasma total bilirubin
concentrations and amputation events Baseline plasma
total bilirubin concentrations were significantly inversely as-
sociated with lower-limb amputation rate (HR 1.38 per
5 umol/l decrease in bilirubin concentration, 95% CI 1.07,
1.79, p=0.013; Table 3). The same association persisted after
adjustment for baseline covariates including age, height,
smoking status, GGT, HbA,., trial treatment allocation
(placebo vs fenofibrate), and previous PAD, non-PAD CVD,
amputation or diabetic skin ulcer, neuropathy, nephropathy
and diabetic retinopathy (HR 1.38 per 5 umol/l decrease in
bilirubin concentration, 95% CI 1.05, 1.81, p=0.019). There
was also no interaction between bilirubin concentration and
treatment allocation (p=0.74). Likewise, the multiple-event
analysis revealed a similar relationship (IRR 1.38 per
5 wmol/l decrease in bilirubin concentration, 95% CI 1.02,
1.86, p=0.035). This association also persisted after adjust-
ment for baseline covariates (IRR 1.37 per 5 umol/l decrease
in bilirubin concentration, 95% CI 1.08, 1.73, p=0.009).
Patients with only one amputation and multiple (>2) amputa-
tion events had similar bilirubin concentrations (median
8 umol/1 for both, p=0.29).

When the bilirubin levels were categorised into 5 pmol/l
(=1 SD) increments in concentration, the cumulative risk of

b

Amputation rate (%)

T T T T T

0 1 2 3 4
Time after randomisation (years)
Bilirubin (pmol/l) Number at risk

Blue 1-5 1,083 1,067 1,046 1,028 1,002

Green 6-10 5,653 5,616 5,547 5,471 5,371
Orange 11-15 2,201 2,175 2,145 2,118 2,081
Purple 16-20 534 530 524 514 504
Red >21 317 316 315 312 302

Fig. 1 Amputation risk according to plasma total bilirubin concentra-
tion (5 pmol/l increments). (a) Cumulative risk curves (% events over
time) to first amputation event. Logrank test of trend, p=0.025. (b)
Cumulative 5 year amputation rates by sex and smoking status

565 6-10 11-15 16-20 >21
3,046 Bilirubin (umol/l)

1,160

285

158

classification. Black bars, male smokers; white bars, male non-
smokers; diagonally hatched bars, female smokers; horizontally
hatched bars, female non-smokers. To convert pmol/l to mg/dl, divide
by 17.1
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Table 4 Association between baseline plasma total bilirubin concen-
tration (according to quintiles) and risk of first amputation event

Bilirubin (pumol/l) Risk of first amputation p value
(HR, 95% CT)

Unadjusted analysis
<6 1 (reference) -
7-8 0.76 (0.47, 1.24) 0.269
9-10 0.71 (0.42, 1.21) 0.206
11-12 0.71 (0.38, 1.32) 0.284
>13 0.51 (0.27, 0.94) 0.031

Adjusted analysis®
<6 1 (reference) -
7-8 0.74 (0.45, 1.22) 0.244
9-10 0.67 (0.39, 1.16) 0.158
11-12 0.76 (0.39, 1.45) 0.400
>13 0.50 (0.27, 0.95) 0.035

To convert pmol/l to mg/dl, divide by 17.1

# Adjusted for the following baseline patient variables: age, height,
smoking status, GGT, HbA ., and history of previous PAD, non-PAD
CVD, amputation or diabetic skin ulcer, neuropathy, nephropathy and
diabetic retinopathy, as well as trial treatment allocation (placebo vs
fenofibrate)

amputation over the study duration was highest in patients
with the lowest (0-5 pmol/l) bilirubin concentrations, and
lowest (with no amputation events) in patients with the
highest bilirubin (>21 pumol/l) concentrations (p=0.025;
Fig. 1a). Figure 1b shows the cumulative rate of amputation
by sex and smoking status. If the patients with bilirubin
>21 pmol/l were excluded from the analysis, the relation-
ship was no longer significant (p=0.11).

Analyses according to bilirubin quintiles also demonstrated
a similar inverse association between bilirubin and amputa-
tion. A bilirubin level <6 umol/l carries a significantly greater

1Y

Cumulative risk (%)

(twofold higher) risk than that for individuals with bilirubin
>12 pumol/l (HR 0.51 for highest quintile, 95% CI 0.27, 0.94,
p=0.031; Table 4 and Fig. 2a). This association also persisted
after adjusting for baseline covariates (HR 0.50, 95% CI1 0.27,
0.95, p=0.035). Figure 2b shows the cumulative rate of
amputation by sex, smoking status and bilirubin quintile.
Interestingly, the inverse association between bilirubin
concentration and amputation event was separately signifi-
cant for major (HR 1.83 per 5 umol/l decrease in bilirubin
concentration, 95% CI 1.17, 2.87, p=0.009), but not minor
(HR 1.22 per 5 umol/l decrease in bilirubin concentration,
95% CI 0.92, 1.61, p=0.18) amputation (ESM Fig. 1).
Analyses according to bilirubin quintile also revealed a
similar inverse association (ESM Table 2 and ESM Fig. 1).

Analysis according to sex Consistent with previous studies
[4, 5, 19, 27, 28], our study showed that women had lower
median bilirubin concentrations than men (8 vs 10 umol/l).
We found that the inverse relationship between bilirubin
concentrations and risk of first amputation was highly sig-
nificant for men (HR 1.60 per 5 pmol/l decrease in bilirubin
concentration, 95% CI 1.19, 2.14, p=0.0017), but not wom-
en (HR 1.90 per 5 umol/l decrease in bilirubin concentra-
tion, 95% CI1 0.84, 4.33, p=0.126; p for interaction by sex=
0.71; Fig. 3a—c). Analyses according to bilirubin quintile
also demonstrated a similar inverse association for men (HR
0.38 for highest quintile, 95% CI 0.19, 0.75, p=0.005;
Table 5 and Fig. 3d—f), but not women. The amputation rate
among individuals >65 years old was higher than in younger
individuals of both sexes, with cumulative first amputation
rates of 2.1% vs 1.1% for men and 1.1% vs 0.3% for
women, respectively.

Analysis according to smoking status Consistent with pre-
vious studies [19, 29], our study showed that current

T T T T

0 1 2 3 4
Time after randomisation (years)
Bilirubin (umol/l) Number at risk

Blue 1-6 2,245 2,220 2,179 2,146 2,104
Green 7-8 2,512 2,496 2,469 2,430 2,377
Orange 9-10 1,979 1,967 1,945 1,923 1,892
Purple 11-12 1,276 1,258 1,238 1,218 1,196
Red >13 1,776 1,763 1,746 1,726 1,691

Fig. 2 Amputation risk according to plasma total bilirubin concentra-
tion (quintiles). (a) Cumulative risk curves (% events over time) to first
amputation event. Logrank test of trend (median method), p=0.031.
(b) Cumulative 5 year amputation rates by sex and smoking status
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Fig. 3 Association by sex classification. (a, b) Cumulative risk curves
(% events over time) to first amputation event according to baseline
plasma total bilirubin concentration (5 umol/l increments) in (a) men,
and (b) women. Logrank test of trend, p=0.0045 for men and p=0.125
for women. (¢) Cumulative 5 year amputation rates according to
baseline plasma total bilirubin concentration (5 pmol/l increments) in
men and women. Cochran—Armitage trend test, p=0.0041 for men and
p=0.131 for women. Black bars, men; white bars, women. (d, e)

smokers had lower median bilirubin levels compared with
non-smokers (8 vs 9 umol/l). We found that the inverse
relationship between bilirubin concentration and risk of first
amputation was significant for non-smokers (HR 1.34 per
5 umol/l decrease in bilirubin concentration, 95% CI 1.01,
1.77, p=0.04), but not for smokers (HR 1.24 per 5 pumol/l
decrease in bilirubin concentration, 95% CI 0.66, 2.33, p=
0.513; p for interaction by smoking status=0.81; Fig. 4a—c).
The same analyses according to bilirubin quintile were not
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Cumulative risk curves (% events over time) to first amputation event
according to baseline plasma total bilirubin concentration (quintiles) in
(d) men, and (e) women. Logrank test of trend (median method), p=
0.0024 for men and p=0.136 for women. (f) Cumulative 5 year
amputation rates according to baseline plasma total bilirubin concen-
tration (quintiles) in men and women. Cochran—Armitage trend test
(median method), p=0.0023 for men and p=0.136 for women. Black
bars, men; white bars, women. To convert pmol/l to mg/dl, divide by 17.1

statistically significant for either non-smokers or smokers,
although there was a trend towards an inverse association in
non-smokers (Table 6 and Fig. 4d—f).

Discussion

Our results identify a significant inverse relationship be-
tween baseline plasma total bilirubin levels and lower-limb
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Table 5 Association between baseline plasma total bilirubin concen-
tration (quintiles) and risk of first amputation event, by sex

Bilirubin (umol/l)  Risk of first amputation (HR, 95% CI) p value

Men
<6 1 (reference) -
7-8 0.78 (0.44, 1.36) 0.377
9-10 0.56 (0.30, 1.03) 0.062
11-12 0.56 (0.28, 1.10) 0.092
>13 0.38 (0.19, 0.75) 0.005
Women
<6 1 (reference) -
7-8 0.37 (0.12, 1.16) 0.089
9-10 0.67 (0.22, 2.07) 0.483
11-12 0.37 (0.05, 2.83) 0.337
>13 0.30 (0.04, 2.34) 0.253

To convert umol/l to mg/dl, divide by 17.1

amputation in patients with type 2 diabetes. This association
was observed between bilirubin and total amputations, as
well as separately for major but not minor amputations. The
relationship with total (major plus minor) amputation
remains robust even after adjusting for numerous other
classic vascular and known amputation risk factors, liver
function tests (GGT) and study treatment allocation, sug-
gesting that it is likely to be independent of these other
factors. Our data are therefore consistent with the hypothesis
that bilirubin may be a useful biomarker for amputation in
patients with type 2 diabetes. Potentially, this association is
of major clinical importance, as the natural range of biliru-
bin levels seen here covers a striking, greater than threefold,
risk gradient in amputation rates over 5 years.

Previous studies focusing on the relationship between
bilirubin and PAD also reported a similar inverse association.
The largest of these studies analysed 7,075 individuals from
the National Health and Nutrition Examination Survey, and
reported that increased bilirubin levels were associated with a
reduced prevalence of PAD [19]. However, hard clinical end-
points were not explored in that and other similar smaller
case—control studies [17-20]. Our study therefore for the first
time extends these findings to amputation events. This inverse
association is further supported by studies showing a similar
relationship between bilirubin levels and CHD, ischaemic
stroke, and surrogate markers of atherosclerosis including
endothelial dysfunction and carotid intima-media thickness
[12, 14, 29—42]. A number of prospective studies found a U-
or reversed J-shaped relationship rather than an inverse rela-
tionship between bilirubin levels and CHD [4, 5, 27, 28, 30,
33, 34, 37]. The differences between our study and these
earlier studies are that they concentrated on CHD and mainly
enrolled men, although whether these differences could plau-
sibly explain the differing relationships reported is unclear.

@ Springer

Nonetheless, our results, together with the previously pub-
lished studies, support the possibility that bilirubin may be
protective against atherosclerotic disease.

It is well established that atherosclerosis and its conse-
quence, tissue ischaemia, are characterised by a state of
heightened inflammation and oxidative stress [15, 16].
Studies have shown that bilirubin possesses antioxidant
and anti-inflammatory activities in vitro [9, 11]. These ex-
perimental studies are supported by human studies reporting
that individuals with elevated bilirubin levels due to
Gilbert’s syndrome have higher antioxidant capacity and
lower proinflammatory markers compared with control indi-
viduals [13, 14, 42]. Moreover, in a rat model of vascular
injury, hyperbilirubinaemic Gunn rats had reduced neo-
intima formation after balloon injury compared with control
wild-type animals, suggesting that bilirubin itself may pre-
vent the development of intimal hyperplasia [43]. How
relevant these findings are, with much higher bilirubin lev-
els in Gunn rats compared with humans, is still debated. The
potential anti-atherogenic properties of bilirubin could also
be consistent with our findings that the inverse association
with amputation events was significant for major (which
may more accurately reflect large-vessel atherosclerotic
disease) but not minor amputation.

Our results are consistent with the previous study by
Perlstein et al [19], showing a significant inverse relation-
ship between bilirubin levels and amputation in men but not
women. The lack of significant association in women may
simply reflect the lower amputation rates in women com-
pared with men, and it should be noted that there was no
significant interaction by sex, so we were unable to con-
clude that the relationship between bilirubin and amputation
risk truly differs by sex. Similarly (in contrast to the study
by Perlstein et al), although we found a significant inverse
relationship in non-smokers (when analysed according to
5 pmol/l bilirubin increments), but not smokers, again
there was no significant interaction by smoking status,
and only 9% of the cohort were current smokers. An
alternative explanation for this disparate result may be that
our study cohort exclusively comprised patients with type
2 diabetes, whereby the adverse combination of hypergly-
caemia and smoking might negate any antioxidative bene-
fits that bilirubin might otherwise confer in amputation
prevention.

Plasma bilirubin concentrations are determined by the
relative activities of the enzymes that form and remove
bilirubin. Therefore, a better understanding of the pathways
that regulate bilirubin concentrations may lead to new ther-
apeutic targets for the treatment of atherosclerotic disease
[7]. This is of particular importance to PAD, in which
progressive disease leads to amputation at rates that have
not changed significantly over the last three decades despite
advances in vascular-targeted therapies [2]. The enzymes



Diabetologia (2013) 56:724-736

733

Q
Now A

Cumulative risk (%)

0 1 2 3 4 5
Time after randomisation (years)
Bilirubin (umol/l) Number at risk

Blue 1-5 165 161 158 153 148 92
Green 6-10 567 556 544 530 509 289
Orange 11-15 148 145 141 139 133 75
Purple  16-20 32 32 32 30 30 14
Red 221 10 10 10 10 9 4

X4

S 3

22

T

=

5 %

o 0% = : = = =

0 1 2 3 4 5
Time after randomisation (years)
Bilirubin (umol/l) Number at risk

Blue 1-5 918 906 888 875 854 473
Green 6-10 5,086 5,060 5,003 4,941 4,862 2,757
Orange 11-15 2,053 2,030 2,004 1,979 1,948 1,085
Purple  16-20 502 498 492 484 474 271
Red >21 307 306 305 302 293 154
c 3.5
;@ 3
Q 2.5
©
c 2
2
= 15
2
€
< o5
0
1-5 6-10 11-15 16-20 =21

Bilirubin (umol/l)

Fig. 4 Association according to smoking status. (a, b) Cumulative risk
curves (% events over time) to first amputation event according to
baseline plasma total bilirubin concentration (5 pmol/l increments) in
(a) smokers, and (b) non-smokers. Logrank test of trend, p=0.96 for
smokers and p=0.034 for non-smokers. (¢) Cumulative 5 year ampu-
tation rates according to baseline plasma total bilirubin concentration
trend test, p=0.98 for smokers and p=0.032 for non-smokers. Black
bars, smokers; white bars, non-smokers. (d, e) Cumulative risk curves
(% events over time) to first amputation event according to baseline

most widely studied to date include haem oxygenase-1
(HMOX-1) and uridine diphosphate glucuronosyltransferase-
1 family polypeptide A1 (UGT1A1) [6]. HMOX-1 catalyses
the rate-limiting step of haem degradation to carbon monox-
ide, ferrous iron and biliverdin [44]. Biliverdin is then rapidly
reduced to bilirubin via biliverdin reductase. Although initially
known for its metabolic role in haem catabolism, it is now well
recognised that HMOX-1 may confer vascular protective
effects, and this may be mediated, in part, via its haem

N W s

Cumulative risk (%) Q.

T T T T T

0 1 2 3 4 5
Time after randomisation (years)
Bilirubin (umol/l) Number at risk

Blue 1-6 317 308 302 295 284 172
Green 7-8 268 266 262 253 243 140
Orange 9-10 147 143 138 135 130 69
Purple 11-12 92 89 86 84 80 45
Red >13 98 98 97 95 92 48

e

;\; 4

% 3

22

E1

=)

g ,f'—'j_’_ﬁﬁ

0 0=

T T T T

0 1 2 3 4 5
Time after randomisation (years)
Bilirubin (umol/l) Number at risk

Blue 1-6 1,928 1,912 1,877 1,851 1,820 1,013
Green 7-8 2,244 2,230 2,207 2,177 2,134 1,230
Orange 9-10 1,832 1,824 1,807 1,788 1,762 987
Purple 11-12 1,184 1,169 1,152 1,134 1,116 628
Red =213 1,678 1,665 1,649 1,631 1,599 882
5
<4
2
S 3
c
o
T 2
5
=%
€1
<
0

1-6 7-8  9-10 11-12 213
Bilirubin (umol/l)

plasma total bilirubin concentration (quintiles) in (d) smokers, and (e)
non-smokers. Logrank test of trend (median method), p=0.58 for
smokers and p=0.095 for non-smokers. (f) Cumulative 5 year ampu-
tation rates according to baseline plasma total bilirubin concentration
(quintiles) in smokers and non-smokers. Cochran—Armitage trend test,
p=0.56 for smokers and p=0.09 for non-smokers. Black bars,
smokers; white bars, non-smokers. To convert umol/l to mg/dl,
divide by 17.1

catabolism by-products, carbon monoxide and bilirubin [7,
8]. Supporting this, Kawamura et al reported that both
HMOX-1 induction and the addition of bilirubin (but not
carbon monoxide) conferred anti-inflammatory effects on hu-
man endothelial cells in vitro, suggesting that the anti-
inflammatory properties of HMOX-1 may be mediated
through the action of bilirubin [9].

In humans, it is thought that the length of the (GT),
repeat is associated with variation in the HMOXI gene
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Table 6 Association between baseline plasma total bilirubin concen-
tration (quintiles) and risk of first amputation event, by smoking status

Bilirubin (umol/l)  Risk of first amputation (HR, 95% CI) p value

Smoker
<6 1 (reference) -
7-8 0.92 (0.34, 2.48) 0.875
9-10 0.50 (0.11, 2.31) 0.375
11-12 1.58 (0.49, 5.14) 0.445
>13 0.36 (0.05, 2.82) 0.328
Non-smoker
<6 1 (reference) -
7-8 0.75 (0.43, 1.32) 0.319
9-10 0.80 (0.45, 1.43) 0.455
11-12 0.63 (0.30, 1.31) 0.217
>13 0.57 (0.30, 1.12) 0.103

To convert umol/l to mg/dl, divide by 17.1

activity, with shorter (GT), repeats having higher HMOX1
transcriptional activity and expression compared with longer
(GT), repeats [8]. Studies exploring the association between
HMOXI polymorphism, bilirubin levels and vascular events
have yielded conflicting results [6, 38, 45, 46]. One such
study reported that longer (GT), repeats (and hence lower
HMOXI activity) were associated with lower bilirubin lev-
els and higher risk of CHD [38]. After adjusting for biliru-
bin, the effect of HMOXI polymorphism on risk of CHD
was no longer present, suggesting that the effect of HMOX1
polymorphism might be mediated through its influence on
bilirubin levels [38]. However, other studies have not found
such an association between HMOXI polymorphism and
bilirubin [45, 46]. Likewise, when comparing FIELD par-
ticipants who developed on-study amputation with those
who did not, there was no significant difference in the
presence of the L allele (i.e. longer [GT], repeats) between
these two groups of patients (see the ESM Methods, ESM
Figs 2 and 3 and ESM Tables 3—6). These results suggest
that carbon monoxide, (i.e. an HMOXI1-derived product
other than biliverdin/bilirubin), may not be responsible for
the decrease in amputation rate associated with high
bilirubin levels.

It is increasingly thought that hepatic UGT1Al, rather
than HMOX-1, plays a greater role in regulating bilirubin
levels [6]. The link between UGTI1A1 polymorphism, bili-
rubin and vascular disease was first noted with the low CHD
prevalence in patients with Gilbert’s syndrome, a hereditary
unconjugated hyperbilirubinaemia secondary to UGT1A1
deficiency [14]. Subsequently, a prospective study involving
1,780 individuals from the Framingham Heart Study Oft-
spring cohort found that UGT1A41 polymorphism resulting
in higher bilirubin levels was associated with lower risk of
cardiovascular events [36]. Again, however, some other
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smaller studies have failed to show the same association
between UGTI1A1 polymorphism and CVD [18, 34, 47]. Itis
possible that these smaller studies lack the statistical power
to detect this association. Nevertheless, clear associations
between UGTIAI and bilirubin have been demonstrated in
most studies, suggesting that UGT14/ may be a more
important factor than HMOXI in regulation of bilirubin
levels [6]. In our patient cohort, it is likely that the 317
(out of 9,795) patients with bilirubin concentration
>20 pumol/l have Gilbert’s syndrome, which is consistent
with the estimated prevalence of 3-5% in the general
population, although we do not have the results of
UGTIAI polymorphism for confirmation. Therefore, fu-
ture studies exploring the link between UGTIAI polymor-
phism and amputation in the FIELD study cohort will also
be important to confirm the results from these previous
studies.

There are several limitations of this study. First, bilirubin
was, in most cases, only measured once at baseline. It is
possible that bilirubin measurements vary significantly for
an individual over time. However, random measurement
error may result in an underestimation of a true association.
Furthermore, in a subset of patients who had their bilirubin
remeasured after 1 year, mean bilirubin concentrations had
not changed significantly and the individual’s levels over
1 year correlated strongly. Second, our study cohort includ-
ed only patients with type 2 diabetes, and our findings
cannot necessarily be generalised to the non-diabetic popu-
lation. Third, bilirubin levels are inversely associated with
glucose levels [48, 49], thereby potentially confounding the
results from our study exclusively comprising patients with
type 2 diabetes. However, reassuringly, the inverse relation-
ship between bilirubin level and amputation survives adjust-
ment for glycaemic control, and fasting glucose levels were
measured at all time points. Fourth, our study does not
provide a proven mechanism for the observed association
between bilirubin and amputation. Last, the association
reported here is not necessarily causal, and could be a
false-positive result arising from multiple comparisons, as
the FIELD study is exploring risk factors for CHD in dia-
betes as well as for each of the microvascular complications
of diabetes. Therefore, it is possible that the association of
bilirubin with amputations is overestimated, and that biliru-
bin may be a marker rather than an agent directly protective
against amputation. Randomised studies raising bilirubin
would be better suited to establishing the causal link. This
last point is relevant as uric acid, although originally pro-
posed as an antioxidant, is now generally accepted as a
biomarker for lifestyle factors rather than a directly protec-
tive antioxidant [5, 50].

Despite these limitations, the strengths of the current
study include its large sample size, longitudinal nature and
the very well-characterised nature of the patient cohort. In
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fact, the inverse association between bilirubin level and
amputation persisted despite adjusting for a wide range of
known risk factors for diabetic complications and amputa-
tion (though this did not negate the striking effects of
fenofibrate treatment itself to reduce amputation events
even after bilirubin adjustment [HR 0.64, 95% CI 0.44,
0.94, p=0.02]).

In summary, our study reports for the first time a signif-
icant association between higher bilirubin levels and re-
duced risk of non-traumatic lower-limb amputation in
individuals with type 2 diabetes. Furthermore, this associa-
tion is not explained by other risk factors for amputation in
the FIELD study. Our data raise the hypothesis that bilirubin
may be a useful biomarker for, and may protect against,
amputation in type 2 diabetes. Ultimately, a better under-
standing of the genes regulating bilirubin level and the
potentially protective mechanisms may result in new thera-
peutic targets for the treatment of PAD and the prevention of
amputation in the future.
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