
1 Glycation Alters Ligand Binding, Enzymatic, and Pharmacological
2 Properties of Human Albumin
3 Jennifer Baraka-Vidot,†,‡ Cynthia Planesse,†,‡ Olivier Meilhac,†,‡,§ Valeria Militello,∥ Jean Van den Elsen,⊥

4 Emmanuel Bourdon,†,‡ and Philippe Rondeau*,†,‡

5
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11 ABSTRACT: Albumin, the major circulating protein in blood
12 plasma, can be subjected to an increased level of glycation in a
13 diabetic context. Albumin exerts crucial pharmacological
14 activities through its drug binding capacity, i.e., ketoprofen,
15 and via its esterase-like activity, allowing the conversion of
16 prodrugs into active drugs. In this study, the impact of the
17 glucose-mediated glycation on the pharmacological and
18 biochemical properties of human albumin was investigated.
19 Aggregation product levels and the redox state were quantified
20 to assess the impact of glycation-mediated changes on the
21 structural properties of albumin. Glucose-mediated changes in ketoprofen binding properties and esterase-like activity were
22 evaluated using fluorescence spectroscopy and p-nitrophenyl acetate hydrolysis assays, respectively. With the exception of
23 oxidative parameters, significant dose-dependent alterations in biochemical and functional properties of in vitro glycated albumin
24 were observed. We also found that the dose-dependent increase in levels of glycation and protein aggregation and average
25 molecular mass changes correlated with a gradual decrease in the affinity of albumin for ketoprofen and its esterase-like property.
26 In parallel, significant alterations in both pharmacological properties were also evidenced in albumin purified from diabetic
27 patients. Partial least-squares regression analyses established a significant correlation between glycation-mediated changes in
28 biochemical and pharmacological properties of albumin, highlighting the important role for glycation in the variability of the drug
29 response in a diabetic situation.

30 Diabetes mellitus is now described as a pandemia affecting
31 more than 300 million people worldwide. This disease is
32 characterized by high blood glucose levels that result from
33 defects in the body’s ability to produce and/or use insulin. This
34 chronic hyperglycemia can affect numerous proteins through a
35 nonenzymatic process known as glycation or glycoxidation.1

36 This condensation reaction between the aldehyde function of
37 carbohydrates and amino groups of circulating proteins results
38 in the formation of Schiff bases and subsequent Amadori
39 products that can give rise to advanced glycation end products
40 (AGEs) in the case of uncontrolled hyperglycemia.2 Numerous
41 studies showed that nonenzymatic glycation and AGE
42 formation were associated with diabetic complications, such
43 as retinopathy, nephropathy, neuropathy, and coronary artery
44 disease.3,4

45 Albumin, the most abundant protein in blood plasma, is the
46 most common protein affected by these glycoxidative
47 alterations.5,6 The high proportion of lysine and arginine
48 residues of the albumin structure explains the potential target of
49 this protein for glycation.7

50Albumin exerts several physiological and pharmacological
51functions, including antioxidant properties,8 oncotic pressure
52regulation, pseudoenzymatic activities, and particularly binding
53and transport capacities for numerous endogenous and
54exogenous compounds, like drugs.9 Albumin can bind a
55remarkably wide range of therapeutic drugs. The albumin-
56bound form of the drug provides temporary storage as well as
57controlled release to the target receptor to prevent its rapid
58metabolism or toxicity.10 Thus, this plasma protein can act as a
59circulating depot for many drugs.11 Albumin affinity capacity
60plays a major role in absorption, distribution, metabolism, and
61excretion for drugs (ADME).12 This key role is particularly
62important for drugs with a narrow therapeutic index, such as
63warfarin, which could be toxic in its free form.
64The two major binding sites for drugs are called Sudlow sites
65I and II.13 Sudlow site I is large and flexible and preferentially
66binds bulky heterocyclic compounds such as warfarin. By
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67 contrast, site II, also named the indole-benzodiazepine site,14 is
68 small and less flexible and binds to aromatic carboxylic acid-
69 containing drugs, such as ketoprofen, consisting of a hydro-
70 phobic center with a negatively charged carboxy group at one
71 end of the molecule. The most prominent enzymatic, esterase-
72 like, active sites of human serum albumin were shown to be
73 closely related to its drug binding sites, because various drugs
74 inhibited this activity.15 Albumin exerts several types of
75 hydrolytic activity, among which the esterase-like property is
76 the most prominent. This activity was first discovered in 1951
77 and confirmed in 1991 by Honma et al.16 The relation between
78 the esterase activity of human serum albumin (HSA) and the
79 mechanism of conversion of aspirin has been extensively
80 studied for decades. Recently, it was shown that this activity is
81 useful for converting prodrugs into active drugs.17

82 These two functions (drug binding capacity and esterase-like
83 activity) play an important role in the pharmacological
84 properties of drugs, especially because the interaction with
85 HSA can be stereospecific.18 Structural alterations caused by
86 glycoxidation in a diabetic situation could alter these two
87 properties, and recent studies from our group reported that in
88 vitro and in vivo glycation of albumin indeed induced
89 biochemical and structural modification affecting albumin
90 antioxidant properties19 and binding capacities.20,21 However,
91 the direct contribution of the glycation process to drug
92 pharmacological properties of albumin remains to be
93 elucidated. To clarify the relationship between structural and
94 functional alterations caused by glycoxidation, we investigated
95 the esterase-like activity and affinity capacity for ketoprofen of
96 albumin in a diabetic context using in vitro and in vivo models of
97 glycation. The in vitro models use glycated HSA resulting from
98 the incubation of commercially available human serum albumin
99 with increasing concentrations of glucose, and in vivo models
100 consist of plasma-purified HSA from diabetic patients with
101 different degrees of severity of the disease. In this paper, we use
102 both models to establish the relationship between the degree of
103 albumin glycation and its biochemical and functional properties
104 by attempting a partial least regression method (PLS) across
105 different in vitro models of glycated albumin.

106 ■ EXPERIMENTAL PROCEDURES
107 Chemicals and Reagents. Human serum albumin (96−
108 99%), bicinchoninic acid, ketoprofen, D-(+)-glucose, Congo
109 Red, m-aminophenylboronic acid-agarose, and p-nitrophenyl
110 acetate were all purchased from Sigma-Aldrich (St. Louis, MO).
111 In Vitro Glycation of HSA. Commercial human serum
112 albumin was dissolved in phosphate-buffered saline (PBS) (pH
113 7.4) to yield a 0.6 mM stock solution. Glycated human serum
114 albumin was prepared as previously described22 by incubating
115 filtered solutions of HSA prepared without and with glucose (5,
116 25, 50, 100, 200, and 500 mM) in PBS (pH 7.4) under sterile
117 conditions and nitrogen gas in capped vials at 37 °C for 3
118 weeks. After being incubated, protein samples were dialyzed
119 against PBS, sterile-filtered through a 0.2 μm Millipore filter,
120 and stored at −80 °C. The final concentration of glycated
121 proteins was determined by using the bicinchoninic acid assay
122 (BCA).
123 Preparation of Glycated Human Serum Albumin from
124 Diabetic Patients. Blood samples from diabetic patients (%
125 HbA1c = 8.7 ± 0.7; N = 15) with different degrees of type 2
126 diabetes and nondiabetic subjects (% HbA1c = 5.5 ± 0.3; N =
127 5) were obtained by the Biochemistry laboratory of the Centre
128 Hospitalier Universitaire (CHU, Saint-Denis, La Reúnion). The

129procedures and the collection of human materials were
130approved by the local governmental French Ethical Committee
131and conformed to the standards set by the Declaration of
132Helsinki. All patients underwent an interview before the blood
133was taken to collect medical information. Albumin was purified
134from fresh human plasma by performing a dialysis against Tris-
135HCl followed by affinity chromatography using Cibacron Blue
1363G linked to agarose (Amersham catalog no. 17-0948-01) as a
137ligand for albumin. A 1.5 M NaCl (pH 7.4) buffer was used for
138the desorption of bound albumin from Cibacron Blue-agarose
139following the elution of other plasma proteins with 50 mM
140Tris-HCl buffer (pH 7.4). Each fraction of eluate was examined
141by gel electrophoresis, and the most purified and concentrated
142extracts were pooled before the remaining immunoglobulins
143were removed with sepharose-protein A, followed by extensive
144dialysis against PBS and storage at −80 °C.
145Biochemical Characterizations. Fructosamine and keto-
146amine derivatives were determined using the method developed
147by Johnson et al.23 with the nitroblue tetrazolium (NBT)
148reagent.
149The 2,4,6-trinitrobenzenesulfonic acid (TNBS) assay is a
150sensitive method for identifying the primary free amino groups
151in proteins.24 This method was described in detail in a previous
152study by our group.25

153The thiol groups in modified albumin were measured by
154Ellman’s assay using 5,5-dithiobis(2-nitrobenzoic acid)
155(DTNB),26 which was described well in a previous study.27

156Levels of carbonylation of proteins were determined by a
157spectrophotometric assay based on recognition of protein-
158bound DNPH in carbonylated proteins by using an anti-DNP
159antibody.28 This method was described in detail in a previous
160study.29 Carbonyl was expressed as moles of carbonyl per mole
161of protein and determined by the following formula:

ε
ε

=
×

− × ×

carbonyl (mol)/protein (mol)
OD

(OD 0.43 OD )
370 M276protein

276 370 M370hydrazone

162In previous formulas, εM276protein equals 46824, the molar
163absorptivity of HSA, and εM370hydrazone equals 22000, the molar
164absorptivity of the hydrazone.30

165The Congo Red probe is extensively used in the field of
166amyloid fibril analysis. For this study, an in vitro glycated
167albumin sample (2.5 μM) was incubated with a 100 μM Congo
168Red solution in PBS with 10% (v/v) ethanol. The absorbance
169at 530 nm was recorded, and results were expressed as a
170percentage of amyloid formation with regard to HSAG0.
171The global charge, size, and potentially shape modifications
172in glycated albumin samples were analyzed by native
173polyacrylamide gradient gels (from 5 to 15% acrylamide) and
174stained by Coomassie blue according to Laemmli’s method.31

175Discriminating analysis of glycated and nonglycated albumin
176was performed using MPBA polyacrylamide electrophoresis.32

177Methacrylamido phenylboronic acid (MPBA) was synthesized
178in the Department of Biology and Biochemistry of the
179University of Bath. MPBA-resolving acrylamide gels were
180prepared by adding 1% (w/v) MPBA to an 8% acrylamide
181solution. The 4% stacking acrylamide gel was prepared without
182boronic acid. Albumin samples (20 μg) were applied to the gel
183in denaturing sodium dodecyl sulfate (SDS) and reductive
184dithiothreitol (DTT) buffers.
185Boronate Affinity Chromatography. The formation of
186Amadori products was also assessed by the percentage
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187 retention of modified albumin on boronate affinity columns.
188 This chromatography technique is based on the specific
189 interaction between glycated protein and boronate anion
190 immobilized within an agarose gel.33 Here, the technique of
191 batch separation was used. One milliliter of separating gel (m-
192 aminophenylboronic acid-agarose) was transferred into 2 mL
193 tubes equilibrated with 5 bed volumes of binding buffer [0.2 M
194 ammonium acetate (pH 8.8)]. One milliliter of an albumin
195 solution sample (diluted in PBS at 1 mg/mL) was applied to 1
196 mL of separating gel. After a first centrifugation (2000g for 2
197 min), the supernatant fraction was collected. The gel was
198 washed five times with binding buffer, under the same
199 conditions. When all nonmodified HSA, which was not
200 retained on the gel, was entirely collected, “boronate-bound”
201 albumin, corresponding to glycated HSA, was eluted using 5−6
202 bed volumes of elution buffer [0.15 M NaCl, 10 mM MgCl2,
203 and 0.2 M D-mannitol (pH 3.4)]. The absorbance at 278 nm
204 was measured in all the fractions to monitor the presence of
205 proteins and to determine the percentage of glycated albumin
206 for each sample. The gel was regenerated successively with 3
207 bed volumes of 0.02 M NaOH, 0.05 M acetic acid, and binding
208 buffer.
209 Mass Spectroscopy Analysis. Analysis of glycated
210 albumin samples by mass spectrometry (MS) was performed
211 using SELDI-TOF (surface-enhanced laser desorption ioniza-
212 tion time of flight) MS technology (Bio-Rad). Ten micrograms
213 of albumin samples was added to 100 μL of 100 mmol/L Tris-
214 HCl (pH 8) (binding buffer) for incubation with Q10
215 ProteinChip arrays (Bio-Rad), an anionic exchanger surface.
216 After incubation for 120 min while being gently shaken, the
217 ProteinChip array was washed with binding buffer. Finally,
218 arrays were washed with water and allowed to air-dry before the
219 addition of the matrix, consisting of a saturated solution of α-
220 cyano-4-hydroxycinnamic acid matrix (Bio-Rad) in 100 μL of
221 acetonitrile (100%) and 100 μL of trifluoroacetic acid (1%).
222 The m/z values of proteins retained on the Q10 surface were
223 determined from time-of-flight measurements using a Protein-
224 Chip Reader (PCS 4000, Bio-Rad). Data were collected by
225 averaging 500 laser shots for each sample. The peak intensities
226 were normalized by using the total ion current of all spectra.
227 Fluorescence AGE Determination. The fluorescence
228 emission intensity of the glycated product was obtained with
229 335 nm (pentosidine)34 and 380 nm (crossline + vesperly-
230 sine)35 excitation wavelengths using a Horiba FluoroMax-4
231 spectrophotometer. The excitation and emission slits were
232 equal to 5 and 10 nm, respectively. All protein samples were
233 prepared at 1.5 mg/mL in 50 mM sodium phosphate buffer
234 (pH 7.4). The relative percent of AGE formation (pentosidine
235 and crossline + vesperlysine) was calculated using the following
236 formula:

=
−⎛

⎝⎜
⎞
⎠⎟

I I
I

AGE% 100 maxG maxG0

maxG0

237 where AGE% represents the relative percent of AGE, ImaxG is
238 maximal fluorescence intensity of glycated HSA, and ImaxG0 is
239 the maximal fluorescence intensity of nonglycated HSAG0.
240 Albumin Cobalt Binding. The albumin cobalt binding
241 (ACB) test reported by Bar-Or et al. was originally designed to
242 detect ischemia-modified albumin (IMA) in patients with
243 ischemia.36,37 This assay based on the reduced binding affinity
244 of human serum albumin for metal ions (cobalt, Co2+) was
245 used here for glycated albumin samples. Preparations for the

246Co(II) albumin binding protocol consist of the addition of 20
247μL samples (0.15 mM) to 15 μL of a 0.2% cobalt chloride
248solution, followed by vigorous mixing and incubation at 37 °C
249for 15 min. Dithiothreitol (20 μL of a 1.5 g/L solution) was
250then added and mixed. After incubation for 2 min, 20 μL of a
2510.9 M NaCl solution was added. The absorbance was read at
252470 nm using a microplate reader. The blank was prepared
253similarly without DTT.
254Affinity of Albumin for Ketoprofen. This method is
255based on the quenching of albumin fluorescence induced by its
256interaction with drugs.10 The intrinsic fluorescence of human
257albumin is mainly attributed to the tryptophan residue (Trp-
258214). Different series of assay solutions were prepared by
259mixing 20 nmol of different HSA preparations with ketoprofen
260in variable amounts ranging from 0 to 160 nmol. Each solution
261was heated for 30 min at 37 °C and transferred into a quartz
262cell. The fluorescence spectra were recorded in the range of
263250−500 nm under excitation at 270 nm. The excitation
264wavelength at 270 nm was chosen to prevent contributions of
265tyrosine to the tryptophan emission. The binding parameters
266(i.e., binding constant KA and binding site number n) for
267ketoprofen were obtained from the equation given below:

−
= +

F F
F

K nlog log log[C]0 C

C
A

268where F0 and FC are the tryptophan fluorescence intensities in
269the absence and presence of a drug at concentration [C],
270respectively, and KA is the constant for formation of the
271complex formed between the drug and albumin, expressed as
272liters per mole.
273Esterase-like Activity. The reaction of p-nitrophenyl
274acetate with HSA was followed spectrophotometrically at 400
275nm with an Infinite M200 pro spectrofluorometric analyzer
276(TECAN) by monitoring the absorbance of p-nitrophenol. The
277reaction mixtures contained 5 μM p-nitrophenyl acetate and 20
278μM HSA in 67 mM sodium phosphate buffer (pH 7.4).
279Reactions were followed at 25 °C. Under these conditions, the
280pseudo-first-order rate constant analysis could be applied, as
281described in previous reports,38,39 and the apparent hydrolysis
282rate constant (kobs) was calculated.

18

283Partial Least-Squares Regression Approach. Partial
284least-squares regressions (PLS) were performed to establish
285the correlation between structural and functional data across
286different commercial glycated HSA samples. The principles of
287partial least-squares regression (PLS) determinations were
288described in detail in several papers by our group.40,41 This
289method allows “principal component or PLS-factor” variable
290calculations from structural and biochemical data and functional
291data. The regression model equation obtained from the PLS
292algorithm after calculating these “PLS-factors” gives the
293regression coefficients that express the link between the
294variation in predictive parameters (structural and biochemical
295parameters) and the variation in response parameters (func-
296tional parameters). The predicted values are calculated on the
297basis of these regression coefficients by using the following
298equation:

∑̂ = ×
=

y C xi
i

m

i i
1

299In this formula, m represents the number of predictor
300parameters (here 9), yî is the predicted value of the response
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301 parameter (KA or kobs), xi is the measured value of predictor
302 parameter i, and Ci is the associated regression coefficient.
303 All samples were used to calibrate the PLS model, and the
304 performance of this model was assessed by the coefficient of
305 correlation (r2) and the root-mean-square error of calibration
306 (rmsec) between predicted and measured values of esterase
307 activity (kobs) and binding affinity (log KA) on a data set.

=
∑ ̂ −= y y

n
rmsec

( )2i
n

i i1

308 where n is the number of data, yi is the measured value of data
309 point i, and yî is the predicted value based on the model of
310 calibration. The Unscrumbler (Camo ASA) was used to
311 perform regression analysis.
312 Statistical Analysis. The data are expressed as the means ±
313 the standard deviation (SD) from a minimum of three
314 experiments. Statistical significance values were determined
315 using one-way analysis of variance (followed by the Student’s t
316 test) for multiple comparisons; a p value of <0.05 was required
317 for significance. Univariate correlation coefficients were
318 calculated according to Pearson’s method.

319 ■ RESULTS
320 HSA was in vitro glycated by being incubated with increasing
321 glucose concentrations followed by a range of biochemical
322 characterizations. Functional assessments were performed to
323 determine the impact of glucose-induced glycation on albumin
324 properties. The biochemical and structural parameters relating

t1 325 to the in vitro glycated HSA models are summarized in Table 1.
326 Glycated HSA is termed HSAGx, where x is the concentration
327 of glucose incubated with albumin (5, 25, 50, 100, 200, or 500
328 mM).
329 Structural Characterization of in Vitro Glycated HSA
330 Samples. Biochemical characterization of albumin samples
331 revealed that glycation with increasing concentrations of
332 glucose caused a dose-dependent elevation in ketoamine levels
333 [up to 4-fold higher for HSAG500 compared to HSAG0 (p <
334 0.001)] and in glycated albumin proportion (+66.7% for
335 HSAG500 vs that for HSAG0). This increase in early glycation
336 products is accompanied by the formation of fluorescent AGE,
337 in a dose-dependent manner for pentosidine, vesperlysine, and
338 crossline products, as well. Indeed, glycation in the presence of
339 500 mM glucose induced the more intense formation of
340 pentosidine [34.5% (p < 0.001)] and vesperlysine [35.9% (p <
341 0.01)]. Two direct consequences are observed with the
342 glycation process with growing concentrations of glucose: the
343 increase in average molecular mass accompanied by aggregate
344 formation.
345 As reported in previous studies, glycation of albumin was
346 shown to generate thermodynamically more stable high-
347 molecular mass aggregates with high β-sheet structure content
348 leading to formation of amyloid-type structures.42−44 The
349 measurement of Congo red absorbance performed to detect β-
350 fibrillar structure in albumin samples featured a significant
351 increase only for highly glycated models HSAG200 [+15.4% (p <
352 0.05)] and HSAG500 [+22.1% (p < 0.01)], attesting to the
353 presence of such aggregate structures. These results are in
354 accordance with those of the thioflavin T assay showing
355 enhanced fluorescence upon binding of the dye to amyloid
356 fibrillar structures in highly glycated albumins (data not
357 shown). In parallel, the significant increase in average molecular
358 mass was noticed for most glycated albumin samples. The T
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359 molecular mass in HSAG25 was approximately increased by 127
360 Da, while glycation of HSA with 500 mM glucose led to an
361 increase of approximately 1621 Da, corresponding to a
362 condensation of ∼10 glucose units per molecule of albumin
363 (one glucose unit is equivalent to a mass increase of 160 Da).
364 As expected, the progressive glycation correlated with glucose
365 concentration also showed a dose-dependent decrease in the
366 number of free amino groups that react with the TNBS reagent.
367 If native albumin (HSAG0) displayed ∼26.4 free amine groups,
368 this level dropped up to 13.3 for the most glycated HSA
369 (HSAG500), reflecting the direct involvement of lysine and
370 arginine residues in the glycation reaction. As a direct
371 consequence of the modification of these positively charged
372 residues with glucose, a significant change in the isoelectric
373 point of albumin can be observed with native polyacrylamide

f1 374 gel electrophoresis (PAGE) (Figure 1A), resulting in an

375 enhanced electrophoretic migration toward the anode as a
376 function of glucose concentration. Similarly, MPBA gel
377 electrophoresis of in vitro glycated HSA (Figure 1B) shows a
378 clear increase in the level of retention and intensity of the
379 glycated HSA band (1) as a function of increasing glucose
380 concentration as well as a reduction of native HSA levels (2).
381 Incubation with 500 mM glucose (G500) results in an almost
382 complete glycation of albumin with barely any unglycated

383protein that can be detected in the MPBA gel. The presence of
384a glycated HSA band in the G0 control sample could be the
385result of in vivo glycation of the protein prior to its purification
386from human serum.
387Under our experimental conditions, glycation seemed to have
388only a mild impact on the oxidative state of albumin as
389evidenced by the significant but slight decrease in free thiol
390levels in albumin (from 0.122 ± 0.015 to 0.087 ± 0.003 mol/
391mol of HSA) upon glucose glycation. In addition, the increase
392in carbonyl levels (from 4.3 ± 0.83 to 4.9 ± 0.68 mol/mol of
393HSA) did not reach statistical significance.
394 t2Table 2 shows that the significant correlations (>0.78)
395established between main biochemical parameters (except for
396thiol and carbonyl levels) reflect the direct impact of the extent
397of glycation on major structural modifications of the protein.
398Impact of Glycation on the Affinity of Albumin for
399Ketoprofen. To study the impact of glycation on the drug
400binding characteristics of albumin, we selected ketoprofen, a
401nonsteroidal anti-inflammatory drug with analgesic and
402antipyretic properties. Ketoprofen is a well-known site-selective
403probe for Sudlow site II, but it could also bind to site I of the
404protein. The nature of the binding site depends on the
405stereochemistry of the drug molecule that is used in a racemic
406form.45 In addition, the albumin binding sites for ketoprofen
407are found to be located in the vicinity of major esterase activity
408sites. The choice of ketoprofen was also justified by the
409impaired drug binding capacities of glycated HSA for this drug
410evidenced in a previous study by our group.20 The interaction
411between ketoprofen and glycated HSA in vitro models was
412investigated using a method based on fluorescence quenching.
413Ketoprofen acts as a quencher via its interaction with albumin
414and induces a reduction in tryptophan fluorescence (F)
415 f2emission intensity as illustrated in Figure 2A. The binding
416constant (KA), shown in Figure 2B, was calculated using the
417plots represented by (F0 − FC)/FC for each albumin sample in
418which binding site n is the slope and log Ka is the intercept
419(data not shown). The binding constant for ketoprofen (KA =
4204.75 × 108 L/mol) dropped considerably with the rate of
421glucose (c) condensed to the protein. This impairment of the
422affinity for ketoprofen was the highest for HSAG500 (KA = 4.98
423× 106 L/mol). In addition, the gradual loss of affinity of
424albumin for ketoprofen was confirmed by the reduction in the
425number of binding sites resulting from the glycation process
426[from 1.82 ± 0.05 to 1.41 ± 0.03 sites (data not shown)].

Figure 1. Characterization of glycated HSA by PAGE. (A)
Electrophoretic migration profile in native PAGE (4 to 15% gradient
polyacrylamide gel). (B) Separation of HSA samples using phenyl-
boronate acrylamide gel electrophoresis (mPAGE) (12% polyacryla-
mide gel/0.5% MPBA). Arrows 1 and 2 indicate the localization of
glycated and native forms of HSA, respectively.

Table 2. Statistical Analysis of Biochemical and Functional Parametersa

glycation ketoamine amine thiols carbonyl ACB MW β-amyloid Fluo AGE esterase Ket affinity

glucose 0.737* 0.972*** 0.956*** 0.435 0.801** 0.901** 0.982*** 0.782** 0.848** 0.723* 0.583*
glycation 0.837** 0.788** 0.440 0.485 0.833** 0.824** 0.897** 0.941*** 0.902** 0.868**

ketoamine 0.920*** 0.138 0.715* 0.894** 0.993*** 0.829** 0.905** 0.754* 0.654*
amine 0.060 0.785** 0.930*** 0.940*** 0.857** 0.820** 0.807** 0.668*

thiols 0.243 0.263 0.102 0.050 0.038 0.050 0.066
carbonyl 0.599* 0.743* 0.477 0.424 0.388 0.263

ACB 0.929*** 0.864** 0.899** 0.888** 0.881**
MW 0.829** 0.902** 0.763* 0.646*

β-amyloid 0.903** 0.872** 0.797**
Fluo AGE 0.833** 0.776**

esterase 0.966***
Ket affinity

aUnivariate correlation coefficients and values of significance between different structural and functional parameter values compared by peer were
calculated according to Pearson’s method.
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427 To translate these results to a clinical situation, the affinity
428 for ketoprofen of albumins purified from plasma of nondiabetic

f3 429 and diabetic patients was also investigated. Figure 3A shows the
430 log KA values as a function of the HbA1c level of each patient.

431HbA1c corresponds to the glycated hemoglobin fraction and is
432considered one of the main clinical parameters used for
433monitoring chronic glycemic control. This parameter primarily
434reflects mean blood glucose levels over time and hyperglycemic
435severity. Though a moderate relationship was observed (r =
4360.75) between albumin affinity and HbA1c levels, our results
437established that in a diabetic context, the affinity of albumin for
438ketoprofen (KA = 4.17 × 104 L/mol) is significantly impaired
439compared to the affinity of albumin of a healthy subject (KA =
4401.82 × 106 L/mol).
441Esterase-like Activity of Glycated HSA Samples. The
442effect of glycation of the enzymatic activity of glycated HSA was
443investigated by monitoring the hydrolytic conversion of p-
444nitrophenyl acetate to p-nitrophenyl. Preliminary experiments
445showed that human serum albumin had esterase-like activity
446significantly greater than that of bovine serum albumin (data
447 f4not shown). Figure 4 shows initial rate constants (kobs) for the
448hydrolysis of p-nitrophenyl acetate by HSA as a function of the
449extent of glycation. Similar to the affinity constant for
450ketoprofen, esterase-like rate constants decreased significantly
451in a dose-dependent manner with an increased level of
452glycation of the protein, as exemplified by the 22.5% drop in
453the initial rate constant from 0.273 s−1 (for HSAG0) to 0.211 s

−1

454(for HSAG500).
455The in vivo glycated albumin samples purified from plasma of
456diabetic and nondiabetic patients showed a significant and
457inverse correlation between esterase-like activities of the protein
458and HbA1c that reflects the hyperglycemic severity. As shown
459 f5in Figure 5A, a moderate correlation (r = 0.67) between both
460parameters was obtained. Comparison between nondiabetic
461and diabetic groups in Figure 5B further confirms these results.
462Relationship between Structural and Functional
463Parameters: A Linear Regression Approach. To establish
464a potential link among albumin affinity for ketoprofen (log KA),
465its esterase-like activity (kobs), and the change in structural and
466biochemical parameters, we employed the partial least-squares
467regression method (PLS-2). The PLS-2 technique was
468performed on seven samples of human albumin incubated
469with increasing concentrations of glucose between 0 and 500
470mM. All structural parameters for in vitro glycated albumin
471samples are independent predictor variables. Even if main
472biochemical and structural variables are strongly related to the
473glucose parameter, we could consider that their variations are
474independent. All structural parameters related to in vitro
475glycated albumin samples are included in this regression
476(ketoamine, free primary amine, thiol, ACB, carbonyl,
477fluorescent AGE, average molecular mass, and β-amyloid
478levels). Partial least-squares regression combined the features
479of principal component analysis and multiple regressions by
480compressing a large number of variables into a few latent
481variables (PLS factors) to find a linear regression model by
482projecting the predicted variables and the observable variables
483 f6to a new space. Figure 6 illustrates the predicted values as a
484function of the measured values of log KA (Figure 6A) and kobs
485(Figure 6B). The regression models developed here produced
486log KA and kobs values very close to reference values. The PLS
487model related to albumin affinity for ketoprofen shows a very
488high correlation (r2 = 0.96) with a very low root-mean-square
489error (0.159) indicating the good accuracy of this model of
490prediction of log KA from structural parameters. The regression
491model generated for the prediction of esterase-like activity via
492kobs values also shows satisfactory accuracy (r2 = 0.97; rmsec =
4934.56).

Figure 2. Binding of ketoprofen to in vitro glycated HSA samples
obtained by fluorescence spectroscopy. (A) Effect of an increasing
concentration of ketoprofen on the quenching fluorescence of albumin
tryptophan. (B) Log plots of (F0 − FC)/FC vs log[C] for ketoprofen
binding with HG0, HG50, and HG500. F0 and FC are the tryptophan
fluorescence intensities of HSA in the absence and presence,
respectively, of ketoprofen at different concentrations [C]. (C)
Binding constant KA for ketoprofen with albumin modified by
increasing concentrations of glucose (5−500 mM) calculated as
described in Experimental Procedures. Values are means ± the
standard deviation for three experiments. Significance of differences
compared with native albumin (vs HSAG0): ***p < 0.001.
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494 Both PLS models show that the two functional properties of
495 in vitro glycated HSA (affinity and esterase activities) could be
496 correctly estimated from structural parameters.

497 ■ DISCUSSION
498 Chronic diabetic complications (nephropathy, atherosclerosis,
499 etc.) have been shown to be closely linked to protein
500 glycoxidation in cellular physiopathology.3,46 Numerous in

501vitro studies report on the impact of glycoxidation on the main
502functional properties of albumin, the major target protein of
503glycoxidation in the circulatory system.19−21 These observa-
504tions suggest that the severity of the diabetes-associated
505complications could be intricately linked to albumin glycation
506extent. However, none of these studies have been able to
507establish whether there is a quantitative relationship between
508the degree of glycation and the extent of biochemical and
509functional modifications of in vitro and in vivo glycated HSA. In
510this study, we sought to establish this link by focusing on two
511important functions of HSA involved in the pharmacokinetics
512of therapeutics: drug binding and esterase-like properties.
513With respect to the main aspects of the pharmacokinetics of
514drugs (absorption, distribution, metabolism, and excretion),
515HSA plays a major role in the distribution of drugs through the
516plasma. Alterations in the binding affinity of albumin could
517have serious consequences for the pharmacokinetic and
518pharmacodynamic properties of a wide variety of drugs. For
519example, an impaired drug binding capacity of HSA could lead
520to increased levels of the pharmacologically active fraction of a
521drug in the circulatory system and thereby contribute to its side
522effects.47 In addition to albumin’s crucial pharmacological role
523in binding and transporting therapeutic drugs, it also exhibits a
524range of hydrolase-type activities, among which the esterase
525property is the most prominent.48 Esterase enzymes are known
526to be involved in the conversion of many prodrug esters to
527active drugs such as aspirin, ketoprofen glucoronide, and
528nicotinic acid.49−51

529In this study, we first characterized numerous biochemical
530parameters of albumin (redox state, modified amino residues,

Figure 3. Binding of ketoprofen to in vivo purified HSA samples from plasmas obtained by fluorescence spectroscopy. Affinity of ketoprofen for in
vivo glycated albumin purified from plasma of nondiabetic subjects (ctrl; N = 5) and diabetic patients (dia; N = 15) investigated with 20 nmol of
albumin samples. (A) Plots of binding constant KA values vs HbA1C (%) for 20 purified HSAs. (B) Comparison of binding constant KA average
values between control (N = 5) and diabetic (N = 15) groups. Significance of the difference between both groups (vs control): ***p < 0.001.

Figure 4. Esterase-like activity of in vitro glycated HSA samples.
Hydrolysis rate constants (kobs) were determined after reacting 5 μM
p-nitrophenyl acetate with 20 μM native or glycated HSA in 67 mM
sodium phosphate buffer (pH 7.4), followed at 25 °C. Shown are
mean values ± the standard deviation for three experiments.
Significance of differences compared with native albumin (vs
HSAG0): *p < 0.05; **p < 0.01.

Figure 5. Esterase-like activity of in vivo purified HSA samples from plasmas. Hydrolysis rate constants (kobs) of in vivo glycated albumin purified
from plasma of nondiabetic subjects (ctrl; N = 5) and diabetic patients (dia; N = 10). (A) Plots of kobs vs HbA1C (%) for 15 purified HSAs. (B)
Comparison of kobs average values between control (N = 5) and diabetic (N = 10) groups. Significance of difference between both groups (vs
control): ***p < 0.001.
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531 aggregation, glycation product formation, and molecular mass)
532 as a function of the dose of the glycation agent. We compared
533 in vitro models of glycated albumin mimicking normoglycemia
534 with a physiological concentration of glucose (5 mM) and HSA
535 glycated with pathological glucose concentrations, reflecting the
536 conditions found in diabetes (25 mM) and suprapathological
537 conditions (50−500 mM) that are often used in numerous
538 studies related to diabetic pathology.42,52

539 As expected and consistent with previous studies,19,21 we
540 found that in vitro glycation of albumin with glucose
541 contributed to the formation of intermediary (ketoamine)
542 and advanced (fluorescent AGE) glycation products. Structural
543 characterization of glycated HSA indicated that glycation
544 promoted the formation of β-structure aggregates associated
545 with an increase in the albumin molecular mass due to the
546 attachment of one or several glucose molecules to the protein.
547 This conformational change of HSA into an intermolecular β-
548 sheet structure suggests an impact of glycation on the tertiary
549 structure of albumin and corresponds to results reported in
550 previous studies.21,25,53 The decrease in the level of free amino
551 groups with glycation indicates the involvement of numerous
552 exposed positively charged residues such as lysine and arginine
553 that are neutralized by glucose. Our data show that all these
554 glycation-induced structural parameters occur in a gradual
555 manner and are strongly correlated with glucose concentration.
556 By contrast, the oxidative parameters of HSA (thiol and
557 carbonyl levels) appear to be less impacted by incubation with
558 glucose. The short incubation time could explain the lower
559 levels of oxidation. However, previous studies have shown
560 significant biochemical alterations in glycated HSA without
561 marked changes in oxidation.21,25

562 The affinity of albumin for ketoprofen was evaluated by using
563 tryptophan fluorescence quenching caused by molecular
564 rearrangement or a change in the microenvironment close to
565 Trp-214, resulting from drug-induced unfolding. This fluo-
566 rescence quenching can occur via two mechanisms: static and
567 dynamic.54 Numerous studies reported that the mechanism of
568 quenching of HSA by ketoprofen is employed in static mode,
569 corresponding to ground state formation of a nonfluorescent
570 complex between the fluorophore and the quencher.10,55

571 Although the main binding site of ketoprofen is located in
572 Sudlow site II of albumin, ketoprofen would be closer to Trp-
573 214 than a ligand in site I.56 Then, ketoprofen may act as a
574 quencher because of the proximity of site II to the albumin
575 fluorophore (approximately 10−15 Å). Using this spectropho-

576tometric method, we were able to accurately investigate the
577binding characteristics of interaction between ketoprofen and
578the protein by calculating the number of binding sites and the
579affinity constant (KA). The results suggest that the glycated
580albumin affinities were considerably altered as a function of the
581concentration of glucose used in the glycation process. The
582reduction in the binding constant was associated with a
583decrease in the number of binding sites. We have already
584reported, in a previous study, such impairment of albumin
585capacity for ketoprofen and also for warfarin, an anticoagulant
586drug, in a glycative context.20

587Although it has been reported on several occasions that
588oxidation contributes to biochemical changes in HSA, we saw
589no significant impact of glycation on the oxidative state of
590albumin,57 indicating that the impaired binding properties
591observed here result rather from the glycation process. This
592finding is confirmed by the results obtained with in vivo
593glycated HSA purified from diabetic patients, showing a strong
594correlation between altered drug binding capacity and the levels
595of HbA1C [used as a measure of in vivo glycation in the blood
596over a long period (around 3 months)]. This monitoring
597parameter was already found not to be correlated with the
598oxidative state of plasmatic albumin from diabetic patients
599determined via the free thiol level parameter (unpublished
600data).
601In addition to the evaluation of the affinity properties of
602albumin for ketoprofen, we investigated the enzymatic activity
603of the glycated albumin with respect to the hydrolysis of p-
604nitrophenyl acetate. As reported by a number of authors, the
605esterase-like hydrolytic activity of HSA depends on the source
606of the protein and also on its content in fatty acids, which
607inhibit this activity.58 The HSA used in this study is not
608defatted and displayed an enzymatic activity (0.273 s−1) that is
609significantly higher than that of wild-type HSA (0.085 s−1), as
610determined by Watanabe et al.18 Similarly, the esterase activity
611of HSA for the hydrolysis of p-nitrophenyl acetate was partially
612impaired by the in vitro and also the in vivo glycation process. A
613comparison of the two sets of in vivo data showed that esterase
614activity in human albumin of healthy subjects was ∼3 times
615higher than that in HSA purified from diabetic patients.
616To the best of our knowledge, no results about binding
617properties and esterase-like activities were reported for purified
618albumin from plasma of diabetic patients or healthy subjects.
619Interestingly, marked differences in enzymatic activity and
620binding properties were clearly noticed between commercial

Figure 6. PLS regression model performance linking structural and biochemical parameters to ketoprofen binding capacity and esterase-like activity.
Scatter plots describing the measured and predicted values for (A) binding constant KA for ketoprofen and (B) hydrolysis rate constant kobs. The
relationship between structural and functional data was determined by using the PLS algorithm. r2 is the coefficient of determination between model
predictions and measured values, and rmsec is the root-mean-square error of data prediction.
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621 albumin (in vitro) and purified albumins from plasmas (in vivo).
622 Indeed, the binding constant for ketoprofen of in vitro HSA was
623 found to be 100 times higher than for HSA from nondiabetic
624 subjects. Similarly, there was an 8-fold increase in esterase
625 activity for HG0 compared with that of nondiabetic albumin. As
626 shown in another study, our experimental conditions for the
627 purification of albumin from plasma seem to impact
628 significantly certain intrinsic albumin properties such as esterase
629 and affinity properties.59

630 Finally, our study showed that partial least-squares regression
631 was an effective method for predicting functional parameters
632 such as esterase activity or binding capacity from biochemical
633 parameters of in vitro models of glycated albumin. Despite the
634 use of very few samples, this PLS model featured good
635 predictive performance. Such a regression method could be
636 applied, in the future, for plasmatic samples obtained from a
637 large panel of diabetic patients displaying variable severities of
638 their diabetes and their complications.
639 Impaired esterase and affinity properties of albumin following
640 the glycation process with increasing concentrations of glucose
641 could be explained by two mechanisms: direct chemical
642 modification of some sensitive residues at the active sites of
643 the protein and/or by a conformational alteration around these
644 sites.
645 As far as the three-dimensional structure of HSA is
646 concerned, drug binding and esterase activity sites are located
647 very close to each other. The primary reactive center of esterase
648 activity is consists of the catalytic triad of Arg-410, Tyr-411, and
649 Asn-39118,60 and is located in Sudlow site II (domain IIIA),
650 which also acts as the binding site for ketoprofen and several
651 benzodiazepines. Molecular docking experiments performed by
652 Ahmed et al. showed that the chemical functions of Arg-410

653and Tyr-411 strongly stabilized the binding of ketoprofen to
654 f7HSA through hydrogen bonds61 (Figure 7A). Similarly, the
655catalytic triad of Tyr-411, Arg-410, and Asn-391 could
656positively influence HSA esterase activity through a stabilization
657of the p-nitrophenyl acetate substrate by similar hydrogen
658bonding with Arg-410 (Figure 7B). These interactions with the
659active site of the protein could stimulate the conversion of p-
660nitrophenyl acetate by esterase activity into p-nitrophenol
661(Figure 7C).
662A second esterase site was reported to be in the vicinity of
663the warfarin binding site (Sudlow site I) located in a large
664hydrophobic cavity of domain IIA and to imply the sole
665tryptophan residue (Trp-214) in albumin.15 An enantiomeric
666form of ketoprofen was also associated with this hydrophobic
667pocket.45 In addition to Arg-411 in Sudlow site II, it was clearly
668established that several positively charged residues such as
669lysine and arginine are located in these hydrophobic cavities
670contributing potentially their conformation and thereafter
671enhanced the binding of ketoprofen or ligand, including p-
672nitrophenyl acetate, via hydrogen bonds.62

673We showed that incubation of albumin with increasing
674concentrations of glucose affects an increasing number of amine
675residues (up to 13 residues) and leads to an incremental
676enhancement of the average molecular mass of the protein due
677to the incorporation of increasing glycation adducts (up to
678more than 10 units). If numerous lysine residues (including
679Lys-525 and Lys-199) were identified as preferential targets for
680glycation, many arginine residues such as Arg-218 and Arg-410
681in sites I and II, respectively, could be affected by glycation. For
682example, Arg-410 is known to be the most reactive glycation
683site together with Lys-525.61

Figure 7. Molecular modeling of ketoprofen interaction and esterase active site in Sudlow site II (domain IIIA) in the presence or absence of
glycation adducts according to Ahmed et al.61 (A) Model of ketoprofen interaction in binding site II. (B) Model of p-nitrophenyl acetate in the main
esterase active site. (C) Catalytic mechanism of esterase activity of HSA with p-nitrophenyl acetate in the absence of glycation. (D) In the presence
of a glycative agent on Arg-410.
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684 First, albumin esterase activity and affinity for ketoprofen
685 could be prevented by glycation at some arginine or lysine
686 residues, which are not necessarily directly implicated in the
687 active site of the protein but contributing to the hydrophobic
688 pocket conformation. Previous studies have clearly established
689 that the regions mostly affected by the glycation-induced
690 changes in the three-dimensional conformation of HSA were
691 located around tryptophan residue Trp-214 and involved the
692 partial unfolding of the hydrophobic pockets of albumin where
693 Sudlow sites I and II are located.25

694 Second, the ligand stabilization within the active site through
695 hydrogen bonding could be directly hampered by the glycation
696 of the Arg-410 residue. The presence of a glycation adduct at
697 this residue level would prevent hydrogen bonds from forming
698 between ketoprofen or p-nitrophenyl acetate and the protein
699 and consequently minimize the esterase catalytic reaction
700 (Figure 7D).
701 As a consequence, protein modification at specific amino
702 residues highly involved in the active sites combined with
703 protein misfolding has a direct impact on the intrinsic biological
704 functionality of albumin, including its binding and enzymatic
705 capacities.
706 Two important findings emerge from this work. (1) The
707 reduced binding capacity of glycated albumin for ketoprofen
708 was observed for both in vitro and in vivo glycated HSA and is
709 strongly correlated with the extent of glycation. This functional
710 impairment of albumin was also associated with an alteration of
711 its esterase-like capacity. (2) The linear relationship established
712 between glucose and the biochemical and functional parameters
713 of albumin in a glycative context demonstrated that
714 pharmacological properties of albumin are strongly correlated
715 with the glycation process alone.
716 In summary, alterations in the structure and function of
717 glycated HSA are strongly linked to glucose concentration,
718 indicating that the severity of hyperglycemia in diabetes can
719 lead to significant disturbances in drug metabolism. This could
720 be of utmost importance for drugs with a narrow therapeutic
721 index or for the more recent use of prodrugs.
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