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Abstract

Glycated haemoglobin (HbA 1¢) contains the stable adduct of glucose with the N-terminal group of the  chain. To date, attempts
to use HbAlc determinations for autopsy diagnostics of intravital metabolic abnormalities have been based on blood tests de-
signed for clinical purposes, which neglected validation of post-mortem haemolysis and background effects. The aim of the pres-
ent study was thus to design such a procedure of HbA 1c determinations using HPLC-ESI-MS, which could be useful for autopsy
diagnostics and to compare the results obtained using this method and other immunological techniques. For this purpose, the
HPLC-ESI-MS method designed and approved by the International Federation of Clinical Chemistry (IFCC) was modified in
such a way that the erythrocyte centrifugation phase was omitted (the haemolysate of whole blood was digested with
endoproteinase). The hexapeptide standards were replaced with glycated haemoglobin standards exposed to digestion. More-
over, the HPLC conditions were changed — the steep gradient was replaced with a linear one, in order to obtain better separation of
nonglycated hexapeptide from glycated hexapeptide and from the background. No essential changes in ESI-MS conditions were
necessary. Complete validation of the modified method showed its high specificity, accuracy, precision. Furthermore, a linear re-
lation between HbA 1¢ concentration and signals from ions 429 and 857 m/z (mass-to-charge-ratio) was demonstrated. A compar-
ison of HbAlc concentrations (in autopsy blood samples) determined using the modified IFCC reference method and two other
immunological techniques (i.e. Konelab and Cobas) did not reveal statistically significant differences. It follows that each of the
compared methods may be used for post-mortem diagnosis of diabetes, but due to the high specificity of detection of glycated
hexapeptides by the HPLC-ESI-MS method, it should be considered as the reference one.
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1. Introduction fer not only in location of the glycated amine group but

also in the type of the attached monosaccharide. The

The glycation process is a result of a spontaneous
reaction between the aldehyde group of a monosac-
charide (usually glucose) and free amine groups of
peptides [20, 21], such as haemoglobin (Hb), albumin,
lipoprotein or peptides affecting coagulation. Glyca-
ted haemoglobin consists of several fractions that dif-

biggest fraction of glycohaemoglobin (75-80%) is,
however, glycated haemoglobin HbAlc, which is pro-
duced in a two-step non-enzymatic reaction between
D-glucose and an N-terminal amine group of the hae-
moglobin  chain (HbA, HbAO), which constitutes
97% of the total haemoglobin in the human body [2].
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The decisive factors for the rate of this process and the
amount of stable form of HbAlc are glucose blood
concentration and the duration of the hyperglycemia.
On the other hand, the lifetime of erythrocytes
(ca. 100-120 days) means that the HbA1C level re-
flects the mean level of glucose in blood during the last
two-three months [9, 21]. Determination of HbAlc in
diabetes treatment monitoring is commonly used due
to the possibility of retrospective estimation of treat-
ment effects [1, 29] and also the fact that in the case of
good metabolic balance, the percentage of HbAlc
should be equal to 6-7% [1, 23].

Death caused by coma related to hyperglycemic
ketoacidosis or hypoglycemia is possible for any kind
of diabetes [7]. However, because of rapid anaerobic
glycolysis, it is impossible to show post-mortem that
hypoglycemia occurred intravitally. Long-term hyper-
glycemia can be diagnosed post-mortem but only in an
indirect way, for example, by determination of glucose
and lactic acid concentration in the vitreous body [25]
or by determination of the ketone bodies level [28].
Nevertheless, an elevated concentration of these com-
pounds in blood can be a consequence not only of dia-
betic ketosis but also of malnutrition, hypothermia,
acetone or isopropanol poisoning or alcoholic keto-
acidosis [4, 17, 27].

Determination of HbAlc in post-mortem blood [9,
19, 31] provides an opportunity for both post-mortem
diagnosis of diabetes and isolation of those cases of
ketonemia with an etiology that is non-diabetic [28].
HbA ¢ determination should thus be used not only in
clinical diagnosis, but also in sudden and unexpected
death diagnosis, for example in the case of drivers,
who were killed in traffic accidents — since undiag-
nosed and untreated diabetes can cause cardiac stand-
still [16, 26]. This is an important problem, because the
percentage of undiagnosed diabetes in United States is
ca. 30-50% of the total diabetic population (7% of the
total population) [11]. Such a high percentage of peo-
ple burdened with a risk of complications, obligates
one to consider it as a potential cause of both the sud-
den death and the accident [33].

For the purposes of clinical diagnosis, the HbAlc
concentration is determined using enzymatic [22, 24]
and chromatographic methods: ions exchange and af-
finity [8, 10, 13]. The main analytical problem is re-
lated to the heterogeneity of human haemoglobin as
well as its different known forms and bindings, for ex-
ample acetyl-Hb which is produced during pharma-
cotherapy with aspirin or carbamyl-Hb in the course of
uraemia [2, 32]. Inaccuracy of determination can be
also influenced by aldimine — an unstable precursor of
glycohaemoglobin (for healthy persons, aldimine con-

stitutes 5-8% of the total amount of HbA 1, for diabet-
ics even up to 30%), which is determined together with
the ketoamine form of HbAlc using methods men-
tioned above. This is the reason for obtaining results
which are slightly elevated [5, 10, 21].

For these reasons, the International Federation of
Clinical Chemistry has developed and now recom-
mends two new HPLC methods [14], one of which is
a combination of liquid chromatography and capillary
electrophoresis (HPLC-CE), and the other is high per-
formance liquid chromatography electrospray ionisa-
tion tandem mass spectrometry (HPLC-ESI-MS).
Both methods are comparable and specific for gly-
cated N-terminal hexapeptides from the [ chain of
HbA [14]. This is a consequence of the first step of
analysis, during which N-terminal fragments of the
f chain are cleaved from the haemoglobin molecules
by specific endoproteinase (Glu-C) (which leads to
formation of glycated and non-glycated hexapep-
tides). During the second step, the hexapeptides are
separated and determined quantitatively, for which
a calibration mixture of standards (glycated and non-
glycated hexapeptides) is used.

The first attempts to determine the concentration of
HbAlc in post-mortem blood samples were under-
taken in 1983, i.e. a few years after implementation of
this parameter for monitoring of glycemia in diabetics
[3, 6, 18]. It was found that when the spectrophotomet-
ric method was used with barbituric acid [6], the con-
centration of HbA 1¢ in post-mortem blood was slightly
higher than the concentration in control samples, i.e. in
blood collected from healthy volunteers. In later years,
affinity chromatography was introduced for determi-
nation of HbAlc concentration [12]. The next devel-
oped method, based on electroosmosis, did not, how-
ever, enable differentiation between post-mortem blood
samples collected from healthy men and diabetics [15].

According to Chen et al. [6], who investigated post?-
mortem blood samples, HbAlc is stable in a corpse for
at least 36 hours. Hindle et al. [12] found that there is
no significant change in HbA 1¢ concentration in blood
samples after 40 hours of storage at 4°C. However, it
was also observed by Chen et al. [6] that HbAlc con-
centration was higher not only in the case of all diabet-
ics, but also in 30% of all remaining cases examined —
it was established that these (latter) persons had under-
gone anti-tumor treatment or had had steroids therapy.
A higher level of HbAlc in post-mortem blood sam-
ples for 11% of healthy men was also found by Hindle
etal. [12].

Unfortunately, chemical and immunological meth-
ods as well as turbidimetric analysis and HPLC can
provide false positive results [6, 15] or be inapplicable
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to analysis of biologically degraded blood samples
[34].

The latest investigations of HbAlc in post-mortem
blood samples are based on implementation of im-
munoturbidimetric analysis and HPLC, i.e. methods
routinely used in clinical diagnosis. However, the im-
munoturbidimetric method used by Winecker et al.
[34] turned out to be useful only for 80% of the investi-
gated blood samples. The analysis of the remaining
blood samples (20%) was impossible because of clots
or it turned out to be impossible to determine total hae-
moglobin for other reasons. This was the main disad-
vantage of all methods used before 2002. Moreover,
Goullé et al. [9] noticed, when using the HPLC
method, a risk of interferences between the chromato-
graphic signal from HbA 1¢ and peaks of other compo-
nents of denatured blood samples.

2. Aim of the study

The aim of the investigations was to modify the
two-step method recommended by the IFCC — which
is based on haemoglobin treatment using a proteolytic
enzyme and separation of peptides obtained using
HPLC coupled with mass spectrometry [14] — in order
to enable determination of the HbAlc concentration in
post-mortem blood samples.

A comparison of results obtained using the modi-
fied HPLC method with results obtained using the au-
tomatic COBAS INTEGRA 400 Plus analyser and the
Konelab 60i analyser (i.e. two immunological meth-
ods routinely used in clinical diagnosis) was also
planned.

3. Materials, apparatus and methods
3.1. Materials and reagents

The blood samples for analysis were collected dur-
ing routine control examinations. The samples were
collected from patients who were being treated for
controlled diabetes (group A, N =15), uncontrolled dia-
betes (group B, N=15) and from healthy men (group C,
N =15). Group D was made up of 5 samples collected
from deceased diabetics, among which 3 samples were
taken from corpses, where acetonemia > 250 pmol/l
[28] was diagnosed during routine determination of
ethanol concentration using the GC method. The sam-
ples from living persons were collected into 2 vials
(per person). EDTA solution was present in one of the
vials, and this sample was used only for immunologi-

cal analysis. The post-mortem blood samples were not
preserved. Initial preparation of unpreserved (post-
mortem and intravital) blood samples consisted in cen-
trifugation in order to eliminate clots.

Commercially available blood samples with known
concentration of glycated haemoglobin were used as
standards for calibration purposes: 4.8; 8.2; 10.9 and
13.9% (Sentinel, Italy).

Endoproteinase Glu-C (E.C. 3.4.21.19) from the
V8 strain of Staphylococcus aureus (Sigma P2922,
United States) was applied to blood peptides digestion.
It was less purified (and cheaper) in comparison to the
endoproteinase used in the reference method, but its
specific activity, i.e. its ability to hydrolise a peptide
bond at the end of C-terminal of glutaminic acid (Glu,
E) residue in acid pH, was well known. It was expected
that 8 peptides would be obtained as a result of diges-
tion of the chain of § haemoglobin (Fig. 1), including
N-terminal hexapeptide VHLTPE (N-valine-histidine-
leucine-threonine-proline-glutaminic acid-C).

Glu Glu Glu Glu Glu
i b }
MELTPERKSAVTALWGKYNYDEVGGEALGRLLYVYY PHTORFFESFGLLS
————————— e e tt =11
Glu

1 1
ki L
ENFRLLGHNVLVCVLAEHFGKEFTEPVOARYOKVVAGVANALARKYH -C

Fig. 1. Sequence of haemoglobin B-chain — the points of in-
tersection by endoproteinase Glu-C are marked and the
N-terminal hexapeptide is isolated.

Moreover, solutions of KCN, K;Fe(CN)s, MES,
MRFA, (tetrapeptide: methionine-arginine-phenylala-
nine-alanine), Na,EDTA, NaHCOj; and Triton X-100
(Sigma, United States), CH;CN of LC-MS purity
(Riedel-de Haén, Germany) CF;COOH (TFA) for MS
(Fluka Chemie, Germany), NH;, CH3;CO,H and NaOH
(Merck, Germany) as well as deionised water filtered
by Milli-Q (Millipore, United States) were used.

3.2. Equipment

The peptides separation process was performed us-
ing a Thermo Finnigan Surveyor liquid chromato-
graph equipped with a quaternary gradient pump and
an automatic injector coupled with an LCQ Advantage
Max ion trap mass spectrometer (Finnigan, San Jose,
CA, United States). An electrospray (ESI) was used as
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the ionisation method and positive ions were analysed.
Both the liquid chromatograph and the mass spectrom-
eter were controlled using X’calibur software, which
was also used for data processing.

3.3 Sample preparation

In order to establish a suitable proportion between
amount of haemoglobin and endoproteinase, firstly the
concentration of total haemoglobin in investigated
blood samples was determined by applying a method
using Zjistr reagent modified by Worek et al. [35]. Af-
terwards, the investigated blood was diluted with
phosphate buffer (50 mM MES, 10 mM KCN, 1 mM
Na,EDTA, NaOH to obtain pH = 6.2) in order to estab-
lish a concentration of 50 mg/l of haemoglobin. The
dilution effect was monitored by repeated determina-
tion of Hb concentration. Next, to a volume of sample
containing 1 mg of Hb, 50 pl (30 pg) of endopro-
teinase Glu-C was added, which had previously been
diluted in deionised water to obtain a concentration of
600 pg/ml (which corresponds to proteolytic activity
equal to 312.5 UN/ml). Then, the sample was topped
up with a digestion buffer (50 mM NH,, CH;CO,H,
pH 4.3) to a volume of 0.5 ml. This mixture was incu-
bated for 18 hours at 37°C, and the reaction was
stopped by freezing at —70°C. After centrifugation of
the defrosted sample (20,000 g for 5 minutes), the
supernatant was analysed using the HPLC-ESI-MS
method.

3.4. HPLC-ESI-MS chromatographic procedure

The glycated and non-glycated hexapeptides pres-
ent in the supernatant were separated at 50°C using
a Zorbax SB-CN 150 x 2.1 (5 mm) chromatographic
column with a Zorbax 300SB-C3 2.1 x 12.5 (5 mm)
pre-column produced by Agilent (United States).
A binary gradient system with mobile phase flow
0.3 ml/min was applied. At the beginning, the flow
phase contained 0.025% TFA (component A) water
solution. After 1 min, acetonitrile with 0.023% TFA
(component B) was connected to the system; the par-
ticipation of component B in the mobile phase was in-
creased gradually up to 70% after 28 minutes and
100% after 30 minutes. After 37 minutes, the starting
conditions (i.e. 100% of component A) were gradually
restored in 13 minutes. The whole chromatographic
procedure took 50 minutes. The volume injected was
10 pl.

The optimal parameters for the analysis of glycated
and non-glycated hexapeptides were determined as: cap-
illary voltage — 4.5 kV; capillary temperature = 200°C;

ionising gas — nitrogen at a flow rate of 70 arb (arbi-
trary unit of LCQ instrument); supporting gas — nitro-
gen flowing at 10 arb. MRFA was used for calibration
of the mass spectrometer. For quantitative analysis,
the ions monitoring procedure in the range of 300—
1000 m/z (full scan mode) was used. The chromato-
graphic signal for molecular ions [M+2H]*" and [M+H]"
of glycated hexapeptide was registered for m/z = 429
and 857, while for non-glycated hexapeptide — for
m/z =348 and 695 (see Table I and Figure 2). The per-
centage content of HbA 1c was calculated from the ra-
tio of the signal area of the glycated hexapeptide to the
total signal area of both hexapeptides (glycated and
non-glycated) — Figure 4.

TABLE I. CHROMATOGRAPHIC PARAMETERS
OF HEXAPEPTIDES ANALYSED USING
THE HPLC-ESI-MS METHOD

Retention time Monitored ions
[min] [m/z]

348 [M+2H]*"

Analyte

Hexapeptide  9.74

HbAO 695 [M+H]"
Hexapeptide ~ 10.62 429 [M+2H]*"
HbAlc 857 [M+H]

Due to the fact that there were no commercial
hexapeptide standards available, the MS-MS method
was used for identification and confirmation of ions
structure. The normalised collision energy was equal
to 45% and the ions were monitored in full scan mode
in the range of m/z 95-1000.

3.5. Validation

Each of the standardised concentrations of HbAlc
(4.8; 8.2; 10.9; 13.9%) was treated eightfold with the
digestion procedure described in section 3.3. Next, the
level of both hexapeptides (glycated and non-gly-
cated) in the samples was determined. The haemo-
lysate of blood collected from corpse was used as
a blind test; it was prepared without the digestion pro-
cedure (which was necessary because of the presence
of a certain amount of HbAlc in all blood). It was
found that the proposed method is fully specific (Fig-
ure 2 and 3).

As a limit of quantitation (LOQ), the value of 4.8%
was assumed, i.e. the lowest HbAlc concentration of
the standard solutions used in the preparation of the
calibration curve (Figure 2).

The calibration curve was linear in the concentra-
tion range 4.8-13.9% with a correlation coefficient
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Fig. 2. Fragment of chromatogram and mass spectrum of glycated and non-glycated hexapeptide from a standard blood sample
where the concentration of HbAlc was 4.8%.

equal to 0.977 (Figure 4). The parameters defining the equations which take into account the concentration of

accuracy and precision of HbAlc determination are Hb, were used to determine the level of HbAlc:

presented in Table II. HbA ¢ [%] =

3.6. Determination of Hb1Ac with immunological 0.915 x (HbAlc [¢/1}/Hb [g/1]) x 100 + 2.15
methods (for Konelab 60i);

HbAlc [%] =
(HbAlc/Hb) x 87.6 +2.27
(for COBAS INTEGRA 400 Plus).

Immunoturbidimetric methods, which are nowa-
days used for routine clinic examinations, were also
applied in the determination of the HbA1c concentra-
tion in the samples. The COBAS INTEGRA 400 Plus
automatic analyser (Roche Diagnostics, Germany) as
well as the Konelab 60i (Thermo, Finland), which, in o )
the case of analysis of fresh blood samples with the ad- The results of HbAlc determination using the

dition of EDTA, fulfils requirements of IFCC stand- HPLC-ESI-MS method (after digestion of haemoglo-
bin) and immunological methods were analysed using

3.7. Statistical analysis of the obtained results

ardisation procedure [30], were used. The following
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Fig. 3. Fragment of chromatogram (corresponding to the range presented in Figure 2) of analysis of blood sample collected from
corpse, without enzyme (blind test) — lack of signals interfering with signals from glycated and non-glycated hexapeptide ions.

TABLE II. ACCURACY AND PRECISION OF THE HPLC-ESI-MS METHOD USED FOR HBA1C DETERMINATION, N =8

Provided concentration Mean found concentration Mean accuracy SD Precision
(%] [%e] (%] [%e] [% RSD]
4.8 5.1 107 0.39 8.12
8.2 8.0 98 0.51 6.17
10.9 10.1 93 0.58 5.34
13.9 14.4 104 0.66 4.79

Statistica 6.0 (Statsoft, United States), with applica-
tion of the Wilcoxon matched pair test. Moreover, the
correlation between the results obtained using the

HPLC-ESI-MS method and the COBAS and Konelab
methods was compared using NCSS software.
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Fig. 4. Calibration curve of HbAlc in the concentration
range 4.8%—13.9%.

4. Results and discussion

A literature review indicates that the present work
constitutes the first report of determination of the HbAlc
level in post-mortem blood using HPLC-ESI-MS anal-
ysis of the glycated N-terminal of the B-chain of hae-
moglobin. Using the developed method, known po-
tential factors which increase the risk of analytical er-
rors during determination of HbAlc concentration
[10, 35] are minimised. This is due to the usage of
whole blood haemolysate and simultaneous analysis
of the total haemoglobin haemolysis products (includ-
ing HbAlc). Moreover, in the final calculations of the
concentration, only the ratio of the glycated hexa-
peptide signal area to the signal area of all hexapep-
tides is used. The obtained result is therefore inde-
pendent of the level of Hb.

The digestion of whole blood by V8 proteinase can
lead to formation of different peptides (which theoreti-
cally can interfere with the N-terminal hexapeptide of
the haemoglobin B-chain, Figure 1). However, during
the analysis of digested as well as non-digested (blind
test) blood samples using the developed method de-
scribed in section 3.3, peaks whose molecular masses
and retention times were close to those of HbAlc and
HbAO were not observed. It was found that the HPLC-
ESI-MS method, in which the gradient separation of
peptides was applied, was highly specific (Figure 2
and 3).

The HPLC-ESI-MS method of Hb1Ac determina-
tion modified by the authors, is linear (»=0.977) in the
whole concentration range of HbAlc (which is neces-
sary in post-mortem diagnosis of long-term hypergly-
cemic conditions) (Figure 4). Moreover, it is accurate
and precise (see Table II).

y=0.9771x
r=0.9868

% HbA1c- LC-MS

4 6 8 10 12 14 16
% HbA1c- Konelab

y =0.9936x
r=0.9938

% HbA1c- LC-MS
3

4 ‘6 r8 1:3 12 1‘4 1‘6
% HbA1c - COBAS

Fig. 5. Correlation of results of determination of HbA1c¢ con-
centration using the HPLC-ESI-MS (LC-MS) method and
Konelab (A) as well as LC-MS and COBAS (B) in samples
collected from diabetics (¢ — uncontrolled glycemia and
® — controlled glycemia) and healthy patients (®). The re-
sults of HbAlc determination in post-mortem blood sam-
ples (A) were not taken into account during determination of
correlation factor (7).

o Median
- Q 25%-75%
_L Min-Max
[ Konelab
Il LC-MS
[ ] Cobas

o

L

o o
T 0

S :

Group

Fig. 6. Comparison of HbAlc levels determined using
Konelab, HPLC-ESI-MS and COBAS methods in blood
samples collected from diabetics (A —uncontrolled glycemia
and B — controlled glycemia) and healthy patients — C.

A comparison of the results of HbAlc determina-
tions obtained using the HPLC-ESI-MS method and
immunoturbidimetric methods concerning blood sam-
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ples collected from living persons (Figure 5 and 6,
groups A, B and C) did not reveal any statistically im-
portant variability (the Wilcoxon matched pair test,
P>0.1). A comparison of the results of blood analysis
collected from living persons (A + B + C) obtained us-
ing the HPLC-ESI-MS method with results obtained
by the Konelab and COBAS methods showed a high
correlation (= 0.9868 and » = 0.9938 respectively).

The differences between the results of HbAlc anal-
ysis in post-mortem blood samples (group D) obtained
by the HPLC-ESI-MS method and both immunoturbi-
dimetric methods were slightly greater in comparison
to the results for blood samples collected from living
persons (Figure 6). However, they did not reach the
level of statistical significance (P = 0.08). Moreover,
these differences were similar to those that occur in all
cases of analysis when two independent analytical
methods are used for chemical investigation of de-
graded biological material.

It was estimated that the total cost of the materials
required for the analysis of one sample using the de-
veloped HPLC-ESI-MS method is € 8.5 and the time
taken (for the repeatable activities) is about 2—3 hours.
Nevertheless, it is worth making this effort in order to
confirm or exclude the hypothesis that a road accident
was caused by diabetes, or to decide whether keto-
nemia was caused by hypothermia or by different
metabolic disorders.

5. Conclusions

1. The modified HPLC-ESI-MS method of analysis
of HbAlc can be considered the method of choice
for analysis of samples of post-mortem blood.

2. The Konelab and COBAS immunoturbidimetric
methods can be applied to post-mortem blood anal-
ysis.
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OZNACZANIE GLIKOWANEJ HEMOGLOBINY HbAlc W MATERIALE
POSMIERTNYM METODA CHROMATOGRAFII CIECZOWEJ
SPRZEZONEJ ZE SPEKTROMETRIA MAS (HPLC-ESI-MS)

1. Wprowadzenie

Proces glikacji polega na samorzutnej reakcji grupy
aldehydowej czasteczki monosacharydu (najczesciej glu-
kozy) z wolnymi grupami aminowymi biatek [20, 21], ta-
kich jak hemoglobina (Hb), albuminy, lipoproteiny oraz
biatka uktadu krzepnigcia. Hemoglobina glikowana
sktada si¢ z kilku frakcji réznigcych sig nie tylko lokaliza-
cja glikowanej grupy aminowej, ale takze rodzajem
potaczonego z nia monosacharydu. Najwigksza frakcja
glikohemoglobiny (75-80%) jest jednak hemoglobina
glikowana HbA 1 ¢, ktéra powstaje dwustopniowo na dro-
dze nieenzymatycznej reakcji D-glukozy z N-koficowa
grupa aminowa faficucha 3 hemoglobiny (HbA, HbAO)
stanowiacej u dorostego cztowieka okoto 97% calkowitej
hemoglobiny [2]. Stezenie glukozy we krwi i czas trwa-
nia hiperglikemii decyduja o szybkos$ci tego procesu oraz
ilosci stabilnej formy HbA 1c. Dtugo$¢ zycia erytrocytow
(okoto 100-120 dni) decyduje za$ o tym, ze poziom
HbAlc odzwierciedla sredni poziom glukozy we krwi
w ciagu ostatnich dwoch — trzech miesigcy [9, 21]. Ozna-
czanie HbAlc w monitorowaniu leczenia cukrzycy za-
czgto powszechnie stosowaé po tym, jak wykazano, ze
pozwala na retrospektywna oceng efektow leczenia cu-
krzycy [1, 29] oraz ze w przypadku dobrego wyroéwnania
metabolicznego odsetek HbA 1¢ powinien wynosi¢ 6—7%
[1,23].

W przebiegu kazdego typu cukrzycy moze dojs¢ do
zgonu [7] wskutek wystapienia $piaczki zwiazanej z hi-
perglikemiczna kwasica ketonowa lub ostra hipoglike-
mia. Posmiertne wykazanie zazyciowej hipoglikemii nie
jest jednak mozliwe ze wzgledu na szybka beztlenowa
glikoliz¢. Dlugotrwala hiperglikemi¢ mozna zas$ wykazaé
posmiertnie tylko posrednio, np. przez oznaczanie stgze-
nia glukozy i kwasu mlekowego w ciele szklistym [25],
ewentualnie przez okreslenie poziomu ciat ketonowych
[28]. Jednak ich podwyzszone st¢zenie we krwi moze by¢
skutkiem nie tylko ketozy cukrzycowej, lecz rowniez nie-
dozywienia, wychtodzenia, zatrucia acetonem lub izo-
propanolem czy tez poalkoholowej kwasicy ketonowej
[4, 17, 27].

Oznaczanie HbAlc z uzyciem krwi pobranej ze
zwlok [9. 19, 31] stwarza szans¢ zar6wno posmiertnego
rozpoznania cukrzycy, jak i wyodrgbnienia tych przypad-
kéw ketonemii, ktore maja etiologi¢ inna niz cukrzycowa
[28]. Oznaczanie HbA 1¢ powinno wigc by¢ wykorzysty-
wane nie tylko w diagnostyce klinicznej, ale roéwniez
w diagnostyce zgonow naglych i niektorych zgonow

gwaltownych, np. w odniesieniu do kierowcow, ktorzy
zgingli w wypadkach komunikacyjnych — poniewaz nie-
zdiagnozowana i nieleczona cukrzyca moze prowadzi¢
do nagtego zatrzymania akcji serca [16, 26]. Jest to istot-
ny problem, bowiem w Stanach Zjednoczonych osoby
z niezdiagnozowang cukrzyca (7% calej populacji) sta-
nowia okoto 30-50% ogolnej liczby chorych na t¢ cho-
robg [11], a tak wysoki odsetek osdb obciazonych ryzy-
kiem wystgpowania powiktan okotocukrzycowych zobo-
wiazuje do brania ich pod uwagg nie tylko jako przy-
czyny naglego zgonu [19], ale rowniez jako przyczyny
zdarzenia [33].

Dla potrzeb diagnostyki klinicznej HbAlc oznacza
si¢ przy pomocy metod enzymatycznych [22, 24] oraz
chromatograficznych: jonowymiennej i powinowactwa
[8, 10, 13]. Ich wspdlny problem analityczny stanowi nie-
jednorodno$¢ hemoglobiny ludzkiej oraz to, ze znane sa
jej rozne potaczenia, takie jak, np. acetyl-Hb podczas far-
makoterapii aspiryng lub karbamyl-Hb w przebiegu
mocznicy [2, 32]. Na niedoktadno$¢ oznaczen moze mieé
wptyw takze nietrwaly prekursor glikohemoglobiny — al-
dimina (u 0séb zdrowych stanowi ona 5-8% catkowitej
ilosci HbA1, a u cukrzykow nawet do 30%), ktora tymi
metodami oznaczana jest lacznie z koncowa ketoami-
nowa forma HbAlc, co powoduje zawyzenie wynikow
[5, 10, 21].

Z tych wzgledow Migdzynarodowa Federacja Chemii
Klinicznej IFCC (International Federation of Clinical
Chemistry) opracowala i poleca dwie nowe metody
HPLC [14], z ktérych jedna stanowi potaczenie z elek-
troforeza kapilarng (HPLC-CE), a w drugiej wykorzysta-
no spektrometri¢ mas jonéw uzyskanych przez elektro-
rozpylanie (HPLC-ESI-MS). Obie metody sa bowiem
swoiste wobec glikowanych N-koncowych heksapepty-
dow ztancucha 3 Hb (HbA, HbAO) i porownywalne [ 14].
Wynika to stad, ze na pierwszym etapie tych metodyk
swoista endoproteinaza (Glu-C) odszczepia od czaste-
czek hemoglobiny N-koncowe fragmenty tancuchow f3
(co prowadzi do powstania heksapeptydydéw glikowany-
chinieglikowanych), a na drugim etapie heksapeptydy te
sa rozdzielane i oznaczane ilo$ciowo, przy czym do ka-
libracji stosuje si¢ mieszaning heksapeptydow (niegliko-
wanego i glikowanego).

Pierwsze proby oznaczen stgzenia HbA 1c we krwi ze
zwtok podj¢to juz w 1983 roku, czyli kilka lat po wpro-
wadzeniu tego parametru do monitorowania glikemii
u 0sob leczonych z powodu cukrzycy [3, 6, 18]. Okazato
si¢ woweczas, ze spektrofotometryczna metoda z kwasem
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tiobarbiturowym [6] dawala we krwi pobranej ze zwlok
nieznacznie wieksze stezenia HbA 1c¢ niz te, ktore stwier-
dzano w materiale kontrolnym, tj. we krwi pobranej od
0s6b zdrowych. W podzniejszych latach do oznaczen
HbAlc wprowadzono metode chromatografii powino-
wactwa [12]. Kolejna metoda oparta na elektroendo-
osmozie nie pozwalata natomiast na posmiertne roznico-
wanie 0s6b zdrowych i cukrzykow [15].

Cheniin. [6], badajac krew pobrana ze zwlok, stwier-
dzili co najmniej 36-godzinna stabilno§¢ HbA1lc w zwto-
kach, za$ Hindle i in. [12] nie obserwowali istotnych
zmian w st¢zeniu HbA 1c podczas przechowywania pro-
bek krwi przez 40 godzin w temperaturze 4°C. Chen i in.
[6] zaobserwowali jednak, ze stezenie HbAlc podwyz-
szone bylo nie tylko u wszystkich cukrzykow, ale row-
niez w 30% pozostatych przypadkow, przy czym usta-
lono, Ze osoby te przeszly terapi¢ przeciwnowotworowa
lub stosowaly steroidy. W trakcie badan posmiertnych
zawyzony poziom HbAlc we krwi 11% osob, ktore nie
chorowaty na cukrzyce, wykazali takze Hindle i in. [12].

Metody chemiczne, immunologiczne, turbidymetrycz-
ne oraz HPLC wykorzystywane do badania poziomu
HbA 1¢c moga niestety dostarcza¢ wynikow falszywie po-
zytywnych [6, 15] lub nie nadawac¢ si¢ do analizy biolo-
gicznie zdegradowanych probek krwi [34].

W najnowszych pracach dotyczacych oznaczania
HbA 1c we krwi pobranej ze zwtok wykorzystywano sto-
sowana rutynowo w diagnostyce klinicznej metodg im-
munoturbidymetryczna oraz metod¢ HPLC. Metoda im-
munoturbidymetryczna zastosowana przez Winecker i in.
[34] okazata si¢ jednak przydatna do oznaczen jedynie
80% probek krwi ze wzgledu na to, ze w pozostalych
20% byly skrzepy lub z innych przyczyn niemozliwe
okazalo si¢ oznaczenie hemoglobiny catkowitej, co sta-
nowito gtowna wade wszystkich metod stosowanych do
2002 roku. W metodzie HPLC Goullé i in. [9] zauwazyli
natomiast ryzyko interferencji piku HbAlc z pikami in-
nych zwiazkow powstajacych podczas denaturacji pro-
bek krwi.

2. Cel pracy

Cel pracy stanowita taka modyfikacja i standaryzacja
zalecanej przez IFCC dwuetapowej metody polegajacej
na trawieniu hemoglobiny enzymem proteolitycznym
i rozdzielaniu uzyskanych peptydéow metoda HPLC oraz
ich analizie za pomoca spektrometrii mas [14], by przy jej
uzyciu mozliwe byto oznaczanie HbAlc we krwi pobra-
nej ze zwlok.

Zaplanowano takze poréwnanie wynikow uzyskanych
za pomoca zmodyfikowanej metody z rezultatami ozna-
czen HbAlc przy uzyciu automatycznego analizatora
COBAS INTEGRA 400 Plus i analizatora Konelab 60i

(tj. dwiema metodami immunologicznymi stosowanymi
obecnie w diagnostyce klinicznej).

3. Materialy, aparatura i metody
3.1. Materialy i odczynniki

Materiat do analizy stanowita krew pozostata po ru-
tynowych badaniach kontrolnych. Pobrano ja od pacjen-
tow leczacych si¢ z powodu cukrzycy niewyrownanej
(grupa A, N=15) i wyréwnanej (grupa B, N =5) oraz od
0s6b, u ktorych wykluczono cukrzycg (grupa C, N = 5).
Grupg D stanowity 2 probki krwi pobrane od zmartych
chorujacych na cukrzycg oraz 3 probki takiej krwi ze
zwtlok, w ktorej podczas rutynowego oznaczania etanolu
metoda GC stwierdzono acetonemi¢ > 250 pmol/l [28].
W jednej z 2 fiolek, do ktérych pobierano krew od osob
zywych, znajdowato si¢ EDTA — probki te shuzyly wy-
tacznie do analizy metodami immunologicznymi. Krwi
pobranej ze zwlok nie konserwowano. Wstgpne przygo-
towanie krwi niekonserwowanej (zaré6wno od osob zy-
wych, jak i ze zwtok) polegato na jej odwirowaniu w celu
usunigcia skrzepow.

Materiatem do kalibracji byty probki krwi o znanych
stezeniach hemoglobiny glikowanej 4,8; 8,2; 10,91 13,9%
(Sentinel, Wtochy).

Do trawienia biatek krwi uzyto endoproteinazy Glu-C
(E.C. 3.4.21.19) ze Staphylococcus aureus szczepu V8
(Sigma P2922, Stany Zjednoczone), mniej oczyszczonej
(czyli tanszej) niz zastosowana w metodzie referencyjnej,
ale o znanej aktywnosci specyficznej polegajacej na tym,
ze w kwasnym pH hydrolizuje ona wigzanie peptydowe
przy C-koncu reszty kwasu glutaminowego (Glu, E).
W wyniku trawienia przez nig tancucha 3 hemoglobiny
spodziewano si¢ bowiem uzyskac 8 peptydow (rycina 1),
w tym glikowany N-koncowy heksapeptyd VHLTPE
(N-walina-histydyna-leucyna-treonina-prolina-kwas glu-
taminowy-C).

Zastosowano ponadto KCN, K;Fe(CN)g, MES, MRFA
(tetrapeptyd: metionina-arginina-fenyloalanina-alanina),
Na,EDTA i NaHCO; oraz Triton X-100 (Sigma, Stany
Zjednoczone), CH3CN o czystosci LC-MS (Riedel-de
Haén, Niemcy), CF;COOH (TFA) do MS (Fluka Che-
mie, Niemcy), NH;, CH;CO,H i NaOH (Merck, Niemcy)
oraz wodg dejonizowana filtrowana przy uzyciu systemu
Mili-Q (Milipore, Stany Zjednoczone).

3.2. Aparatura

Rozdziat peptydéw przeprowadzono przy uzyciu
chromatografu cieczowego Thermo Finningan Surveyor
wyposazonego w czterosktadnikowa pompe gradientowa
i automatyczny dozownik sprzg¢zony ze spektrometrem
mas typu pulapka jonowa LCQ Advantage Max (Fin-
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ningan, San Jose, CA, Stany Zjednoczone). Jonizacjg
uzyskano przez elektrorozpylanie (ESI). Analizowano
jony dodatnie. Chromatograf cieczowy i spektrometr ma-
sowy pracowaly pod kontrola programu X’calibur, ktory
wykorzystano rowniez do obrobki danych.

3.3. Przygotowanie materialu do oznaczen

W celu uzyskania wtasciwej proporcji migdzy iloscia
hemoglobiny a ilo$cia endoproteinazy, najpierw ozna-
czono calkowite stgzenie Hb w badanych probkach krwi,
stosujac metode z odczynnikiem Zijstra zmodyfikowana
przez Worek iin. [35]. Na tej podstawie badang krew roz-
cienczono nastgpnie buforem do przechowywania
(50 mM MES, 10 mM KCN, 1 mM Na,EDTA, NaOH do
uzyskania pH 6,2) tak, by stgzenie hemoglobiny wy-
nosito 50 mg/ml, a efekt rozcienczenia kontrolowano
przez ponowne oznaczenie st¢zenia Hb. Z tak przygoto-
wanej probki krwi odmierzano nast¢pnie objgto$¢ za-
wierajaca 1 mg Hb i dodawano do niej 50 ul (tj. 30 pg)
roztworu endoproteinazy Glu-C, ktéra wczesniej roz-
puszczono w wodzie dejonizowanej do stezenia 600 pg/ml
(co odpowiada aktywnosci proteolitycznej 312,5 UN/ml),
po czym probke uzupeilniano buforem do trawienia
(50 mM NH,4, CH3CO,H, pH 4,3) do objgtosci 0,5 ml.
Tak przygotowana mieszaning reakcyjng inkubowano
przez 18 godzin w temperaturze 37°C, a reakcje zatrzy-
mywano przez zamrozenie w temperaturze —70°C. Do
analizy HPLC-ESI-MS wykorzystywano supernatant uzys-
kany po odwirowaniu rozmrozonej probki przy 20 000 g
przez 5 min.

3.4. Procedura chromatograficzna HPLC-ESI-MS

Rozdziat chromatograficzny glikowanych i niegli-
kowanych heksapeptdyow, ktore zawieral supernatant,
przeprowadzono przy uzyciu kolumny Zorbax SB-CN
150 x 2.1 (5 um) z prekolumng Zorbax 300SB-C3 2,1 x
12,5 (5 Fm) firmy Agilent (Stany Zjednoczone) w tem-
peraturze 50°C. Zastosowano dwuskladnikowy system
gradientowy z fazg ruchoma o przeptywie 0,3 ml/min.
Poczatkowo byt to 0,025% wodny roztwér TFA (4.
sktadnik A). Po 1 min dotaczano acetonitryl z 0,023%
TFA (4. sktadnik B), ktorego udziat w fazie ruchomej
wzrastat stopniowo do osiagnigcia 70% w 28 min i 100%
po 30 min, a od 37 min przywracano stopniowo przez
13 min stan wyj$ciowy (tj. 100% sktadnika A). Cata pro-
cedura chromatograficzna trwata 50 min. Obj¢tos¢ na-
strzyku wynosita 10 pl.

Optymalnymi do analizy glikowanych i nieglikowa-
nych heksapeptydow parametrami pracy spektrometru
masowego okazaly si¢: napigcie kapilary — 4,5 kV; tempe-
ratura kapilary — 200°C; gaz jonizujacy — azot o prze-
ptywie 70 arb (ang. arbitrary unit of LCQ instrument);
gaz pomocniczy — azot o przeptywie 10 arb. Do kalibracji

spektrometru masowego uzyto MRFA. Przy analizie ilos-
ciowej zastosowano opcj¢ monitorowania jonow dodat-
nich w zakresie 300-1000 m/z (full scan mode). Sygnat
pochodzacy od wtasciwych dla heksapeptydu glikowane-
go pozornych jonéw molekularnych [M+2H]*" i [M+H]"
rejestrowano przy m/z = 429 i 857, a dla heksapeptydu
nieglikowanego przy m/z = 348 i 695 (tabela I oraz ry-
cina 2). Procentowa zawartos¢ HbAlc obliczano na pod-
stawie proporcji migdzy polem powierzchni piku heksa-
peptydu glikowanego a taczna powierzchnia pikéw obu
heksapeptydow (tj. glikowanego i nieglikowanego) — ry-
cina 4.

Ze wzgledu na to, ze uzycie wzorcoOw odpowiednich
heksapeptydéw nie bylo mozliwe (gdyz nie sa dostgpne
komercyjnie) do identyfikacji i potwierdzenia struktury
analizowanych jonow, wykorzystano spektrometri¢
MS/MS. Zastosowano przy tym znormalizowana energi¢
kolizji = 45%, za$ jony potomne monitorowano w trybie
petnego skanowania (full scan) w zakresie 95-1000 m/z.

3.5. Walidacja

Kazde z wzorcowych stezen HbAlc (4,8; 8,2; 10,9;
13.9%) poddano o$miokrotnie procedurze trawienia
w sposéb przedstawiony w rozdziale 3.3, po czym w kaz-
dej probce oznaczono poziom obu heksapeptydow (gli-
kowanego i nieglikowanego).

Jako probe $lepa zastosowano hemolizat krwi po-
branej ze zwlok, ktéry przygotowywano do analizy
z pominigciem procedury trawienia (co byto konieczne,
poniewaz kazda krew zawiera pewna ilo§¢ HbAlc) i wy-
kazano, ze proponowana metoda jest w pelni specyficzna
(rycina 2 i 3).

Za granicg oznaczalnosci (LOQ) przyjgto 4,8%, tj.
najmniejsze stezenie HbAlc z roztworéw wzorcowych
uzyte w krzywej kalibracyjnej (rycina 2).

Krzywa kalibracyjna wykazywata linowos¢ w zakre-
sie stezen 4,8—13,9%. Wspotczynnik korelacji otrzyma-
nej krzywej kalibracyjnej » wynosit 0,977 (rycina 4).
Parametry okreslajace doktadno$¢ i precyzj¢ oznaczen
HbA ¢ przedstawiono w tabeli II.

3.6. Oznaczanie HbAlc metodami
immunologicznymi

Zawartos¢ HbAlc we wszystkich probkach krwi
oznaczano nie tylko przy uzyciu metody HPLC-ESI-MS
zmodyfikowanej w sposob wyzej przedstawiony, ale row-
niez metodami immunoturbidymetrycznymi stosowany-
mi obecnie rutynowo do badan klinicznych, tj. przy uzy-
ciu automatycznego analizatora COBAS INTEGRA 400
Plus (Roche Diagnostics, Niemcy) oraz analizatora
Konelab 60i (Thermo, Finlandia), ktory w przypadku
analizy $wiezej krwi pobranej do fiolki zawierajacej
EDTA spelia wymogi standaryzacji IFCC [30], gdzie
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do okreslania zawartosci HbAlc stosowane sa wzory
uwzgledniajace stezenie Hb:

HbAlc [%] =
0,915 x (HbAlc [g/1]/Hb [g/1]) x 100 + 2,15
(dla Konelab 60i);

HbAlc [%] =
(HbA1c/Hb) x 87,6 + 2,27
(dla COBAS INTEGRA 400 Plus).

3.7. Statystyczna analiza wynikoéw

Wyniki oznaczen HbA 1c metoda HPLC-ESI-MS (po
trawieniu hemoglobiny) oraz metodami immunologicz-
nymi opracowano przy uzyciu programu Statistica 6.0
(Statsoft, Stany Zjednoczone) z wykorzystaniem testu
kolejnosci par Wilcoxona. Ponadto za pomoca programu
NCSS zbadano korelacjg migdzy wynikami uzyskanymi
metoda HPLC-ESI-MS a metodami COBAS i Konelab.

4. Wyniki i ich oméwienie

Z przegladu pismiennictwa wynika, iz niniejsza praca
stanowi pierwsze doniesienie dotyczace oznaczania
HbA1c we krwi pobranej ze zwlok metoda bazujaca na
analizie glikowanego N-konca 3-tancucha hemoglobiny
przy uzyciu metody HPLC-ESI-MS. Przy wspomnianej
metodzie znane czynniki ryzyka popetnienia bledu przy
oznaczaniu HbAlc [10, 35] nie wptywaja (z zatozenia)
na otrzymywany wynik, gdyz umozliwia ona wykorzys-
tanie hemolizatu krwi petnej i rownoczesne oznaczanie
produktéw hydrolizy hemoglobiny catkowitej (w tym
HbAlc), a w kalkulacji wyniku uwzglednienie jedynie
proporcji miedzy powierzchnia piku heksapeptydu gli-
kowanego a powierzchniami pikow wszystkich heksa-
peptydow. Uzyskany za jej pomoca wynik nie zalezy
zatem od oznaczania poziomu Hb.

Mimo ze trawienie proteinaza V8 peinej krwi pro-
wadzi¢ moze do pojawienia si¢ peptydow innych niz
z HbA lc (a te teoretycznie moga interferowaé z analizo-
wanym N-terminalnym heksapeptydem [B-tancucha he-
moglobiny, rycina 1), to po zastosowaniu procedury
opisanej w rozdziale 3.3 zar6wno we krwi trawionej, jak
i nietrawionej (tj. probie $lepej), nie zaobserwowano ta-
kich pikow tla, ktorych masy molekularne i czasy retencji
zblizone bytyby do heksapeptydow HbAlc i HbAO. Me-
toda HPLC-ESI-MS gradientowego rozdziatu peptydow
okazata si¢ wysoce specyficzna (rycina 2 i 3).

Zmodyfikowana przez autoréw tej pracy metoda
HPLC-ESI-MS oznaczania HbA ¢ jest liniowa (r = 0.977)
w calym (niezbednym dla posmiertnej diagnostyki dtugo
utrzymujacych si¢ stanéw hiperglikemicznych) zakresie

stezen HbAlc (rycina 4) oraz doktadna, powtarzalna
i precyzyjna (tabela II).

Roéznice migdzy wynikami oznaczen HbAlc uzys-
kanymi za pomoca metody HPLC-ESI-MS a wynikami
otrzymanymi metodami immunoturbidymetrycznymi, ja-
kie stwierdzono, badajac krew pobrang od oséb zywych
(rycina 516, grupy A, B i C), nie wykazaty znamienno$ci
statystycznej (test kolejnosci par Wilcoxona, P > 0,1).
Poréwnania tych wynikéw badan krwi pobranej od oséb
zywych (A + B + C), ktére uzyskano metoda HPLC-
ESI-MS, z wynikami otrzymanymi zarowno metoda Ko-
nelab, jak i COBAS, wykazalo natomiast, iz korelacje
mig¢dzy nimi sa bardzo wysokie (odpowiednio: »=0,9868
i7=0,9938).

Roéznice migdzy wynikami oznaczen HbA 1c metoda
HPLC-ESI-MS a obiema metodami immunoturbidyme-
trycznymi, jakie stwierdzono, badajac krew pobrang ze
zwlok (tj. w grupie D) byly wprawdzie nieco wigksze niz
w przypadku krwi pobranej od 0séb zywych (rycina 6),
ale rowniez nie osiagnely poziomu istotnosSci statystycz-
nej (P =~ 0,08). Ponadto nie odbiegaty one od tych, jakie
pojawiaja si¢ zawsze w przypadku zestawienia rezulta-
tow dwoch niezaleznych metod uzytych do analizy che-
micznej zdegradowanego materialu biologicznego.

Wedtug szacunku autorow niniejszej pracy catkowity
koszt materiatéw jednej analizy metoda HPLC-ESI-MS
w zaproponowanej tu modyfikacji wynosi obecnie ok.
8.5 €, a czas, jaki musi poswigci¢ analityk na czynnosci
powtarzalne, to ok. 2—3 godziny. Jednak naktady te warto
poniesc¢ po to, by potwierdzi¢ lub wykluczy¢ hipoteze, ze
przyczyna wypadku drogowego stala si¢ cukrzyca,
ewentualnie po to, by rozstrzygna¢, czy ketonemia spo-
wodowana zostata przez nadmierne wychtodzenie czy
tez przez inne zaburzenia metaboliczne.

5. Podsumowanie

1. Zmodyfikowana procedurg analityczng HPLC-ESI-
MS oznaczania HbA 1 ¢ nalezy traktowac jako metode
,»Z Wyboru” do badania krwi ze zwlok.

2. Metody immunoturbidymetryczne Konelab i COBAS
moga by¢ wykorzystane do analizy krwi pobranej ze
zwlok.
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