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Intravenous Anesthetic Diazepam Does Not
Induce Amyloid-β Peptide Oligomerization
but Diazepam Co-administered with
Halothane Oligomerizes Amyloid-β Peptide:
An NMR Study
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Abstract. Amyloid-β peptide (Aβ) oligomerization has a profound role in Alzheimer’s disease pathophysiology. Biophysical
studies have shown that smaller sized inhaled anesthetics promote oligomerization by inducing perturbation of three critical
amino acid residues (G29, A30, and I31) located in the helix-loop-helix domain of Aβ. In this present experimental study, using
state-of-the-art nuclear magnetic resonance, we have monitored the influence of a larger sized intravenous anesthetic, diazepam,
as well as diazepam co-administered with halothane, on Aβ. It was concluded that diazepam (in isolation) does not interact
with the G29, A30, and I31 residues, and no Aβ oligomerization occurs in the presence of 0.101 mM diazepam, even after
63 days. However, when diazepam was co-administered with halothane, profound Aβ oligomerization is observed. These results
strengthen the hypothesis that the presence of smaller molecular sized anesthetic is instrumental in promoting Aβ oligomerization
even when co-administered with a larger sized anesthetic, namely diazepam.
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INTRODUCTION

Alzheimer’s disease (AD) is a major neurodegener-
ative disorder affecting millions of people worldwide.
The cause of AD is unknown but it has been hypoth-
esized that oligomeric amyloid-β peptides (Aβ) play
an important role in AD pathology. Recent findings
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support the hypothesis that several drugs of anesthesia
could be a risk factor [1], through involvement in the
neurodegeneration process, by promoting “toxic” Aβ
oligomerization. Since oligomeric Aβ derivatives play
a key role in the development of AD, the impact of
all chemical agents used in the peri-operative period
should be examined [2]. In this context, we have un-
dertaken a systematic biophysical study to investigate
the effect of anesthetics on Aβ.

Using state-of-the-art nuclear magnetic resonance
(NMR) techniques [3–5], we have previously demon-
strated the molecular interactions of Aβwith isoflurane,
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Fig. 1. Molecular structure of diazepam and halothane. The molecular volume of the intravenous anesthetic, diazepam, is much larger than that
of the inhaled anesthetic, halothane. The chemical structure of thiopental is added for comparative illustration of molecular sizes.

desflurane, thiopental, and thiopental co-administered
with halothane. Our studies lead us to the conclusion
that the inhaled anesthetics, isoflurane and desflurane,
at clinically relevant concentrations, interact with a spe-
cific region of Aβ and induce Aβ oligomerization [3].
Thiopental, an intravenous anesthetic, alone, does not
oligomerize Aβ, however, when co-administered with
halothane, Aβ oligomerization was observed, leading
to the conclusion that halothane causes Aβ oligomer-
ization and that the presence of thiopental does not pre-
vent halothane-induced Aβ oligomerization [5]. It was
concluded that no Aβ oligomerization was observed
with thiopental due to its bulkier state. Hence, it is
important to test whether molecular size of anesthet-
ics has any role in Aβ oligomerization [4] using an-
other, larger sized anesthetic. To continue this sys-
tematic study of anesthetics, we chose the intravenous
anesthetic, diazepam, (Fig. 1). We also extended our
studies to investigate Aβ interactions when two anes-
thetics, halothane (smaller sized anesthetic, 90–140 Å)
and diazepam (larger sized anesthetic > 140 Å), are
administered in combination.

The growing literature based on biophysical (in vit-
ro), as well as animal model studies, indicates that cer-
tain anesthetics promote Aβ oligomerization. In spite
of the widespread use of diazepam in subjects with in-
creased amounts of Aβ, there is no information avail-
able regarding molecular interaction of diazepam with
Aβ. Hence, it is important to investigate Aβ interac-
tions with diazepam (alone) and co-administered with
halothane. In doing so, we would like to accomplish
three objectives:

1. To test if the widely used diazepam causes any
Aβ oligomerization;

2. To test if diazepam, co-administered with haloth-
ane, causes any Aβ oligomerization;

3. To add yet another anesthetic study to test our
hypothesis that the molecular size of anesthetic
plays an important role in Aβ oligomerization.

MATERIALS AND METHODS

To address the three, above mentioned objectives,
NMR experiments were designed to investigate Aβ in-
teraction with diazepam and diazepam co-administered
with halothane, in time-dependent studies.

Materials

15N-labeled Aβ40 (Recombinant Peptide Technolo-
gies, (Atlanta, GA, USA) Diazepam (MaynePharma),
Halothane (Sigma), and Deuterated SDSD25 (Cam-
bridge Isotope Laboratories) have been used in this
study. NMR experiments were performed on a Bruk-
er DRX 600 MHz spectrometer using a 5 mm triple
resonance inverse probe with triple axis gradients.

Preparation of Aβ peptide solution in SDS

Aβ40 uniformly 15N labeled lyophilized powder
(0.2 mg) was added to SDSD25 solution and gently
mixed. For our NMR studies, pH of the Aβ solu-
tion was adjusted to 7.2 before addition of diazepam
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(in days)

Fig. 2. Flowchart of the NMR experiment of diazepam with Aβ at seven time points. NMR experiments were followed for 63 days. Initially
NMR experiments were performed on Aβ solution only, and NMR experiments followed after the addition of a 3 µl diazepam solution.

(Fig. 1). In this study, Aβ interactions of one of the
larger sized anesthetics, diazepam, have been investi-
gated using NMR (Fig. 1). For comparison of molec-
ular size, another anesthetic, thiopental, is also shown
in Fig. 1.

The final volume of the Aβ solution for NMR studies
was 500 µl (control). After addition of a 3 µl diazepam
solution (concentration 10 mg/2 ml) to the Aβ solution,
the final concentration of Aβ was 0.1 mM while the di-
azepam concentration was 0.101 mM and final volume
of the Aβ solution was 503 µl.

Preparation of aqueous solution of halothane

As described in our previous work, in order to gen-
erate a clinically relevant halothane concentration [6],
200 µl neat anesthetic was added to 2000 µl H2O, shak-
en and allowed to equilibrate for less than 1 min; 75 µl
of the aqueous halothane solution was then added to
freshly prepared 503 µl Aβ + diazepam solution. The
final Aβ concentration in this set was 0.2 mM, while di-
azepam concentration was 0.088 mM, and final volume
of the Aβ solution was 578 µl.

NMR experimental setup

A one dimensional 1H NMR spectrum of Aβ40 was
first recorded, followed by heteronuclear single quan-
tum coherence (HSQC) 15N/1H experiments [7]. To
study Aβ-diazepam interaction, a 3 µl solution of di-

azepam (neat) was added to the 5 mm tube containing
500 µl Aβ40 solution. After diazepam + Aβ equilib-
rium was reached, one dimensional 1H spectra were
recorded, followed by HSQC (15N/1H) experiments at
several time points (up to a total of 63 days). In the
presence of diazepam, no Aβ oligomerization [8] was
observed up to 63 days. The experimental flowchart is
presented in Fig. 2.

To study Aβ interactions with diazepam combined
with halothane, a 3 µl solution of diazepam (neat) was
added to the 5 mm tube containing the 500 µl Aβ40

solution. One dimensional 1H and HSQC (15N/1H) ex-
periments were performed and then, a 75 µl halothane
solution was added. After halothane + diazepam-Aβ
equilibrium was reached, one dimensional 1H spectra
and HSQC (15N/1H) spectra were recorded at various
time points.

NMR experiment details and data analysis

Both one dimensional proton (1H) spectra and two
dimensional HSQC (15N/H) experiments were per-
formed at different time points. Details of procedure
for the NMR studies are described in our previous
work [5] and are not repeated here. NMR data were pro-
cessed and analyzed using nmrPipe [9], PIPP [10], and
SPARKY [11] software on an Octane2 Silicon Graph-
ics computer. Assignments of the amide peaks of Aβ
were taken from our earlier work [5] performed in a
similar environment.
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Fig. 3. 600 MHz NMR one dimensional 1H spectra of Aβ without diazepam and with diazepam at day one and after 63 days at room temperature.
One dimensional spectra were collected at each time point before the HSQC spectra were recorded.

RESULTS AND DISCUSSIONS

Aβ interactions with diazepam

Figure 3 shows the one dimensional 1H spectra of
Aβ and Aβ with diazepam at different time points. The
additional peaks in the one dimensional 1H spectra are
marked by arrows to indicate the presence of diazepam.
Notably, the intensities and/or chemical shift of the 1H
peaks of diazepam remain unaltered. Figure 4 shows
the overlay of 15N/H HSQC spectra of Aβ without
diazepam (blue), and with diazepam at different time
points: day one (green) and 63 days later (red). In the
presence of diazepam, no chemical shift was observed
for the crucial residues (G29, A30 and I31) involved in
Aβ oligomerization, based on other anesthetic studies
with halothane, isoflurane and desflurane and propo-
fol [3]. Even in the presence of 0.101 mM diazepam
(the calculated cerebral concentration of intravenous
anesthetics are approximately in the range of 0.100 ±

0.025 mM [5]), we did not find any Aβ oligomerization
after 63 days.

Aβ interactions with diazepam co-administered with
halothane

Figure 5 shows the overlay of 15N/H HSQC spectra
of Aβ with diazepam (blue), and Aβ with diazepam
and halothane after 15 hours (in red). In the presence of
halothane co-administered with diazepam, a chemical
shift change was observed for the crucial residues (G29,
A30, and I31) involved in Aβ oligomerization. There
is no further chemical shift change of G29 over time.
However, in the presence of halothane co-administered
with diazepam, we observed Aβ oligomerization after
15 hours at 27◦C, as evidenced by the drastically de-
creased signal intensity. The G29 shifts in the presence
of halothane, and in light of previous studies [3] with
other anesthetics, when the G29 position shifted in a
dose-dependent fashion as well as a function of the na-
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Fig. 4. HSQC spectra of Aβ40 in the presence of 0.101 mM di-
azepam. The HSQC spectrum (control, Aβ40 without diazepam) is
shown in blue, and the HSQC spectra in the presence of diazepam
after day one and day 63 are shown in green and red, respective-
ly. It is important to note that G29, A30, and I31 do not show any
chemical shift perturbation due to the addition of diazepam; no Aβ
oligomerization was observed.

ture of the anesthetic, the magnitude of the chemical
shift correlates with the propensity of the anesthetic to
induce oligomerization, as presently observed.

Importance of the chemical shift of G29 and I31

In the presence of diazepam, halothane induces
chemical shifts of G29 and I31 signals over an 18–20 Hz
range and Aβ oligomerization was observed within
15 hours. In another study with isoflurane at clinically
relevant concentrations, NH peak of G29 shows a 9 Hz
chemical shift change and Aβ oligomerization was ob-
served within 9 days [4]. It appears that the higher
the chemical shift change of G29 NH, the faster Aβ
oligomerization occurs and this chemical shift change
can serve as a marker for Aβ oligomerization propensi-
ty. In contrast, Aβ did not oligomerize in the presence
of diazepam alone. Similar observations were found
in our earlier work where Aβ did not oligomerize in
the presence of thiopental, even at a higher concentra-
tion, and G29, A30, and I31 amide peaks did not show

Fig. 5. HSQC spectra of Aβ40 in the presence of 0.101 mM di-
azepam and halothane. It is important to note that G29 and I31 show
chemical shift change due to presence of halothane co-administered
with diazepam. 2D HSQC spectra were continually collected over
time. The HSQC spectrum of Aβ + diazepam is shown in blue, and
the HSQC spectrum in the presence of diazepam + halothane after
15 hours, in red; Aβ oligomerization was observed.

any chemical shift change in the presence of thiopental.
However, in the presence of thiopental, other residues
such as Q15 did show chemical shift changes, indicat-
ing interaction of thiopental with Aβ. In the present
study, it was found that diazepam interacts with Aβ in
a similar manner to thiopental and no oligomerization
of Aβ is observed due to diazepam alone.

Model for diazepam-anesthetic interaction and role of
anesthetic size for Aβ oligomerization

The topological coexistence of anesthetics, as well
as Aβ, facilitates interaction of Aβ with anesthet-
ics [5]. Figure 6 represents a plausible mechanism of
diazepam-Aβ interaction. Aβ is generated by β- and
γ-secretase on the amyloid-β protein precursor (AβPP)
in the normal process of aging and higher quantities
of Aβ are available in the aged brain. Thus, an ex-
cessive Aβ load is available for anesthetic interaction
in the elderly. Our earlier studies [3] have identified
the crucial amino acid residues that are involved in the
oligomerization process. Diazepam, as well as thiopen-



132 P.K. Mandal et al. / Diazepam and Amyloid-β Peptide Interaction Study

Fig. 6. Schematic presentation of the interaction between diazepam and Aβ. Due to its bulkier size, diazepam cannot access the critical residues
G29, A30, and I31 located in the helix-loop-helix region. Hence, no Aβ oliogomerization was observed. The Figure is adapted and modified
from ref [5].

tal, due to its bulkier size, cannot be accommodated in
the helix-loop-helix region and therefore no perturba-
tion of the three residues was observed. We infer that
no oligomerization of Aβ was found in the presence of
diazepam (Fig. 4).

Clinical significance of this research

The main effects of benzodiazepines are sedation,
hypnosis, decreased anxiety, anterograde amnesia, cen-
trally mediated muscle relaxation, and anti-convulsing
activity [12]. Elderly patients are anxious before and
during surgery, and the tranquillizing properties of di-
azepam injected intravenously provides both premed-
ication and conscious systemic sedation for regional
anesthesia [13]. Secondly, diazepam is widely used
for induction and maintenance of anesthesia [14], and
intravenous anesthesia based on diazepam is a method
of anesthesia in geriatric cancer patients [15]. Thirdly,
diazepam is administered during diagnostic procedures
in patients with AD [16]. Apart from subjects with
neurodegenerative diseases, Aβ is naturally present in
the brain, with elevated levels in the elderly.

Finally, in the intensive care unit (ICU), di-
azepam has been recommended for sedation [17], in
organophosphate poisoning [12], and in first-line treat-

ment of convulsive status epilepticus, particularly for
elderly individuals [18]. Larger quantities of Aβ are
also reported in the majority of ICU populations.

Obviously, in human subjects with high concentra-
tions of Aβ, who are scheduled for prolonged seda-
tion or narcosis (= anesthesia), direct administration
of anesthetics that affect the rate at which Aβ bind to-
gether could increase risk, as there is more Aβ avail-
able to oligomerize if an oligomerization-inducer drug
is administered.

In general clinical practice, we should be aware that
diazepam is a commonly used benzodiazepine [19], al-
so in the aged population [20]: one in four of the el-
derly uses one or more benzodiazepines [19]. More-
over, in elderly subjects, intrinsic metabolic drug clear-
ance of diazepam is impaired by up to about 20–60%,
increasing both drug blood concentrations and effect
duration [21].

In our research, oligomerization does not occur even
after prolonged interaction of diazepam with Aβ, and
therefore this anesthetic should be considered relatively
safe with respect to AβPP metabolism. This notable
absence of the tendency of diazepam to promote “toxic
aggregation” of Aβ should be underlined, keeping in
mind the impaired intrinsic metabolic drug clearance,
which was pointed out in earlier work [21].
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Could data from our experiment have relevance in
research for the development of therapies against AD?
As intravenous agents propofol and thiopental, and
here also diazepam, due to their molecular size, can-
not be accommodated in the loop region containing the
key residues (G29, A30, and I31), no perturbation of
these critical residues is seen and Aβ oligomerization
is not observed. Understanding how and why certain
anesthetics promote Aβ aggregation must be consid-
ered an important objective. Based on these results,
pharmaceutical and biotechnology companies should
be encouraged to synthesize and produce new anes-
thetic agents with large sized molecules to avoid Aβ
oligomerization and increase patient safety. On the
other hand, a systematic, well designed research on the
role of G29, A30, and I31 Aβ critical residues could
provide a new pharmacological strategy of intervention
aimed at delaying Aβ oligomerization.

CONCLUSIONS

Ongoing biophysical studies [5,6] using state-of-
the-art NMR spectroscopy, have demonstrated that the
molecular size of the anesthetic is a significant con-
tributing factor in inducing Aβ oligomerization. This
has been validated by animal model studies using in-
haled anesthetics. Our biophysical studies with di-
azepam and thiopental indicated that, in this exper-
imental model, these intravenous anesthetics do not
induce Aβ oligomerization. Future clinical stud-
ies using intravenous anesthetics (e.g., propofol, di-
azepam and thiopental) and intravenous anesthetics co-
administered with halothane are warranted.
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