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Abstract

Free fatty acids are essentially involved in the pathogenesis of chronic diseases such as diabetes mellitus, non-alcoholic
fatty liver disease, and cardiovascular disease. They promote mitochondrial dysfunction, oxidative stress, respiratory
chain uncoupling, and endoplasmic reticulum stress and modulate stress-sensitive pathways. These detrimental
biological effects summarized as lipotoxicity mainly depend on fatty acid carbon chain length, degree of unsaturation,
concentration, and treatment time. Preparation of fatty acid solutions involves dissolving and complexing. Solvent
toxicity and concentration, amount of bovine serum albumin (BSA), and ratio of albumin to fatty acids can vary signifi-
cantly between equal concentrations, mediating considerable harmful effects and/or interference with certain assays
such as 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT). Herein, we studied the impact of commonly
used solvents ethanol and dimethyl sulfoxide and varying concentrations of BSA directly and in solution with oleic acid
on MTT to formazan conversion, adenosine triphosphate level, and insulin content and secretion of murine b-cell line
MIN6 employing different treatment duration. Our data show that experimental outcomes and assay readouts can be sig-
nificantly affected by mere preparation of fatty acid solutions and should thus be carefully considered and described in
detail to ensure comparability and distinct evaluation of data.

Keywords: free fatty acid; oleic acid; lipotoxicity; beta cell; BCRJ Cat# 0293; RRID: CVCL_0431; diabetes mellitus; sample
preparation

Introduction
Lipotoxicity

Visceral obesity is one of the major causes of insulin resistance
and development of type 2 diabetes mellitus (T2DM) [1, 2].
Abundance of energy fuels insulin resistance and leads to dysli-
pidemia marked by pathological increase of free fatty acids
(FFA). Detrimental effects mediated by FFA were first described
in 1994 and termed as “lipotoxicity” [3]. Interactions between

FFA and cells are complex and comprise multiple pathways
eventually interfering with lipid metabolism. Dysregulation of
uptake, utilization, and/or storage of triglycerides and FFA [4, 5]
leads to accumulation of bioactive molecules such as acyl-CoA
and ceramides [6, 7] triggering pathways including mitogen-
activated protein kinase (MAPK), extracellular-signal-regulated
kinase (ERK), sterol regulatory element binding protein-1c
(SREBP-1c), and uncoupling protein 2 (UCP2) or promoting
release of intracellular Ca storages [8–11]. Apart from diabetes

Received: 5 October 2021; Revised: 25 November 2021; Editorial Decision: 29 November 2021; Accepted: 30 November 2021

VC The Author(s) 2021. Published by Oxford University Press.
This is an Open Access article distributed under the terms of the Creative Commons Attribution-NonCommercial License (https://creativecommons.org/
licenses/by-nc/4.0/), which permits non-commercial re-use, distribution, and reproduction in any medium, provided the original work is properly cited.
For commercial re-use, please contact journals.permissions@oup.com

1

Biology Methods and Protocols, 2021, 1–9

https://doi.org/10.1093/biomethods/bpab023
Advance Access Publication Date: 3 December 2021
Methods Article D

ow
nloaded from

 https://academ
ic.oup.com

/biom
ethods/article/7/1/bpab023/6448770 by Juristisches Sem

inar G
iessen, c/o U

niversitaetsbibliothek user on 30 August 2022

https://orcid.org/0000-0002-9258-5362
https://orcid.org/0000-0002-3496-9894
https://academic.oup.com/


research, lipotoxicity plays a role in the pathogenesis of non-
alcoholic fatty liver disease [12], cardiovascular disease [13], and
apoptosis promoted by cytochrome C release [14]. Therefore, es-
tablishment of standardized protocols for in vitro models with
defined FFA as lipid stressors is required for the investigation of
underlying mechanisms.

Preparation of FFA solutions applicable for immortalized or
primary cell lines comprises dissolving and complexing FFA.
According to our review of over 100 articles about lipotoxic
effects on mitochondria in pancreatic b-cells, protocols fre-
quently do not contain essential information on how FFA solu-
tions were prepared [15]. Since equally concentrated FFA
solutions can be composed distinctly differently and thus have
significant impact on experimental outcomes, we aim to have a
closer look at the respective experimental parameters.

Type of FFA and solubility

Each FFA is characterized by physicochemical properties includ-
ing solubility by carbon chain length and number of double
bonds. Frequently used FFA in diabetes research are long-chain
fatty acids namely palmitic (PA) and oleic acid (OA) representing
the most abundant saturated and unsaturated FFA in T2DM, re-
spectively [16]. For solubilizing FFA and preparing a high molec-
ular stock solution, most frequently employed protocols include
ethanol (26%), saponification (12%), dimethyl sulfoxide (DMSO)
(4%), and methanol (3%), while 55% of articles do not specify the
substance used [15]. However, solubility of FFA and respective
composition of solutions differ significantly among solvents.
Solubility of PA in DMSO is 80 mM compared with 350 mM for
OA (Cayman Chemical, Ann Arbor, MI, USA). In contrast, there
seems to be no relevant difference in ethanol solubility for pre-
paring stock solutions. A concentration as high as 1800 mM for
PA/OA was achieved with ethanol [17]. While toxicity of DMSO
in different models is lower than ethanol at same concentra-
tions [18], the amount of ethanol in the final FFA concentration
can be lowered to a greater extent because of higher dilution
factors. Therefore, ethanol allows studying higher FFA concen-
trations with low levels of solvent. Methanol is rarely used as
solvent, but seems to be less toxic in human and rat cell lines,
while solubility is comparable to ethanol [19]. In contrast, sa-
ponification doesn’t yield harmful solvent effects as sodium
salts of FFA are created by usage of NaOH or NaCl. To saponify
FFA, higher temperatures have to be used.

Bovine serum albumin

Fraction V fatty acid-free bovine serum albumin (BSA) is used to
complex FFA in aqueous conditions like cell culture media. FFA
are physiologically complexed to albumin [20]. The biopolymer
BSA has different functions depending on respective experimen-
tal settings. In cellular systems, cholesterol [21] and opioid bind-
ing characteristics are described [22]. Thiol groups of BSA can act
as antioxidant [23] and inhibition of angiotensin-converting en-
zyme was described in a cell model of hypertension for human
serum albumin [24]. It is used as a blocking agent for methods
based on antibody interactions and as protein standard. Its com-
plexation ability can be used for complexing metals or FFA. As
BSA carries FFA it is involved in energy metabolism and composi-
tion of biomembranes. BSA will increase FFA bioavailability in
organisms [25]. For complexing FFA, BSA can be added into cell
culture media and after gently mixing FFA stock solution is
added. FFA can be protected from oxidation by overlaying with
nitrogen and will complex to BSA by shaking for several hours at

37�C. After sterile filtration, FFA media can be stored at �20�C.
The amount of BSA will determine the final molar FFA:BSA ratio.
The higher the FFA:BSA ratio the greater is the amount of FFA un-
bound to BSA. FFA-mediated detrimental effects on cellular func-
tions are crucially determined by the amount of unbound FFA
[26]. It is suggested that a 5:1 ratio is suitable to mimic pathologi-
cal conditions and should not be exceeded [27]. When a stable
FFA:BSA ratio is maintained, the amount of BSA will increment
with increasing concentrations of FFA interfering with substrates
employed in experimental settings like 3-(4,5-dimethylthiazol-2-
yl)-2,5-diphenyltetrazolium bromide (MTT) [27, 28]. Conversion of
MTT to formazan assesses the reduction potential of a cell, that is
the biofunctionality of dehydrogenase enzymes depending on re-
ducing compounds to drive cellular energetics [29]. The assay can
distinguish living from dead cells, as active mitochondria are re-
quired to perform this reaction. A high conversion rate of MTT is
taken as parameter for metabolically active cells with high capac-
ity of reduction equivalents. By examining various control condi-
tions, we have observed that this reaction can be induced by BSA.

Aim of research

We studied the impact of ethanol and DMSO, BSA, treatment
duration, and differentially prepared OA solutions on MTT to
formazan conversion, adenosine triphosphate (ATP) level, and
insulin content and secretion of murine b-cell line MIN6.

Material and methods
Cell culture

Mouse insulinoma (MIN6) cells (BCRJ Cat# 0293, RRID: CVCL_0431)
were obtained from Prof. Lenzen of Hannover Medical School,
Hannover, Germany [30]. Cells of passages 50–60 were cultured in
an incubator at 37�C with 5% CO2 in Dulbecco’s modified Eagle’s
medium (DMEM) enriched with 25 mM glucose and 1 mM pyru-
vate (Gibco, Thermo Fisher Scientific, Waltham, MA, USA) and
supplemented with 16% v/v heat inactivated fetal bovine serum
(Biowest, Riverside, MO, USA), 80 U/mL penicillin/streptomycin
(Gibco, Thermo Fisher Scientific), and 50mM 2-mercaptoethanol
(Gibco, Thermo Fisher Scientific). Change of culture media was
performed every 2–3 days. After reaching a confluency of 70–80%,
PBS (Lonza, Basel, Switzerland) washed cells were collected by
trypsinization with 0.05% Trypsin-EDTA (Gibco, Thermo Fisher
Scientific). After centrifugation at 1200 rpm for 4 min, supernatant
was removed and MIN6 cells were resuspended in fresh DMEM.
Cell count was determined using a Neubauer counting chamber
(Brand, Wertheim, Germany) after staining with Trypan blue
(Sigma-Aldrich, St. Louis, MO, USA).

Preparation of treatment solutions

BSA, DMSO, ethanol
Ethanol (purity >99.8%, Sigma, Munich, Germany), DMSO (purity
>99.5%, Sigma), or fraction V fatty acid free BSA (SERVA
Electrophoresis, Heidelberg, Germany) was added to cell culture
DMEM. Prior to treatment, solutions containing ethanol or DMSO
were mixed properly for several seconds. BSA was dissolved over-
night on a shaker at 37�C, followed by sterile filtration (0.22mm).

FFA solution
OA (purity >99%, Enzo Life Sciences, New York, USA) was dis-
solved in ethanol (purity >99.8%, Sigma) to prepare stock solu-
tions of 150, 225, 450, and 900 mM. Stock solutions were diluted
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1:300 with DMEM complexed with fraction V fatty acid-free BSA
(SERVA Electrophoresis, Heidelberg, Germany) to prepare FFA
concentrations of 0.5, 0.75, 1.5, and 3 mM. The molar FFA:BSA
ratio was 5:1 and ethanol concentration was 0.23–0.32% w/w.
The prepared FFA media were overlayed with nitrogen (Linde,
Dublin, Ireland) and placed on a shaker overnight at 37�C. After
sterile filtration (0.22 mm), stock solutions were stored at �20�C.
Control media contained matching amounts of ethanol and
BSA. For comparison of solvent effects, a 150 mM OA stock solu-
tion and control medium were prepared with DMSO (purity
>99.5%, Sigma). Stock solution was diluted to generate 1.5 mM
OA media. A suggested standard protocol for preparation of FFA
solutions is given in the Supplementary Data.

MTT assay

MTT assay was chosen for evaluation of cell functionality. After
1 * 104 MIN6 cells in 200 mL DMEM had attached to a 96-well plate
(Greiner Bio-One, Kremsmünster, Austria) for 24 h, DMEM was
replaced by fresh DMEM, control, or treatment medium, respec-
tively, for 24 or 120 h (5 days). In case of 120 h treatment me-
dium was changed after 0 (attachment time), 48, and 96 h. Ten
milligrams of MTT (purity >98%, Abcam, Cambridge, UK) was
dissolved in 5 mL PBS (c¼ 2 mg/mL). After sterile filtration
(0.22 mm), 50 mL of media was replaced by MTT solution, pro-
tected from light. Samples were incubated at 37�C for 4 h.
Afterward the entire medium was replaced by 200 mL DMSO.
Formazan crystals dissolved for 15 min on a plate shaker and
absorption values were measured at 570 and 620 nm (back-
ground) by a Multimode Microplate Reader (Berthold
Technologies, Bad Wildbad, Germany). Absorption value of
DMEM without MIN6 cells was subtracted as a blank value.

ELISA

4 * 105 MIN6 cells in 3 mL DMEM were seeded into a six-well
plate (Greiner Bio-One, Kremsmünster, Austria). After attaching
to the plate for 24 h, cells were exposed to 1.5 mM OA for 24 h.
One milliliter of culture medium was collected and centrifuged
at 2000 rpm for 5 min at 4�C. Supernatant was collected for fur-
ther analysis. PBS-washed cells were lysed with 300 mL of NP-40
buffer (10% aqueous solution, Merck Millipore, Burlington, MA,
USA) supplemented with 3% v/v protease inhibitor cocktail
100� (Halt, Thermo Fisher Scientific, Waltham, MA, USA) for
20 min at 4�C. After centrifugation at 12,000 rpm for 15 min at
4�C, supernatant of cell lysate was collected. Insulin content of
cell lysate and culture medium was measured by direct sand-
wich ELISA (DRG Diagnostics, Marburg, Germany). An aliquot of
lysate samples was analyzed for total protein by Bradford pro-
tein assay (Bio-Rad Laboratories, Hercules, CA, USA) to normal-
ize insulin results to total protein [31]. In total, 0.1–1 mg/mL BSA
was used as standard.

ATP bioluminescence

5 * 104 MIN6 cells were seeded into a 96 luminescence-well plate
(Corning Inc., Corning, NY, USA) and attached for 24 h. After
attaching solvent treatment was performed for 24 h. ATP level
was determined by adding a NaOH lysis buffer and a solution
containing luciferase, luciferin, and co-substrates. The assay
was performed according to manufacturer’s instructions
(PerkinElmer, Waltham, MA, USA). Luminescence was mea-
sured using a Multimode Microplate Reader (CLARIOstar, BMG
LABTECH, Ortenberg, Germany).

Statistical analysis

Statistical analysis was performed by GraphPad Prism 7
(GraphPad Software, San Diego, CA, USA) using one- or two-way
ANOVA with Tukey’s multiple comparisons test. Data are repre-
sented as mean 6 SD. A P-value <0.05 was considered signifi-
cant and marked with *. P< 0.01, <0.001, and <0.0001 were
marked with **, ***, and ****, respectively.

Results
BSA increases MIN6 cell-dependent MTT conversion to
formazan

After 24 h cultivation of MIN6 cells with 0.5–12.5% w/w BSA, the
conversion of MTT to formazan was increased by BSA (Fig. 1A).
This effect was observable up to a maximum concentration of
6% BSA increasing conversion by �60%. After exceeding a con-
centration of 12.5% a negative effect set in. Cultivation with
12.5% BSA led to an overall increased conversion of �25% com-
pared with DMEM-treated cells. Treatment with 5% w/w ethanol
was chosen as toxic treatment decreasing reducing activity
measured by MTT conversion by �60%. In contrast, prolonged
cultivation for 5 days led to a non-significant increase with 1%
and 3% BSA, whereas 6–10% BSA inhibited MTT to formazan
conversion by up to 50% (Fig. 1B). Absorption levels with 6%, 8%,
and 10% BSA were below controls after 5 days culture.

BSA increases MIN6 cell-dependent and independent
MTT conversion to formazan

The impact of BSA concentrations ranging from 1% to 10% w/w
on MTT assay with (Fig. 2A) or without (Fig. 2B) MIN6 cells was
studied. Conversion of MTT to formazan in medium containing
BSA without cells was dose-dependently rising. Relative en-
hancement was significant for higher concentrations of BSA
while the absolute increase in absorption was minimal.

To take into account the MIN6-independent effect of BSA ab-
sorption readings of solutions without cells was subtracted
from corresponding cell samples. This normalization resulted
in a 25% decrease in absorption for 10% BSA when compared

with lower concentrations (Fig. 3) in contrast to a 17% decrease
without normalization (Fig. 2A).

Increased treatment duration intensifies lipotoxic
effects and MTT to formazan conversion

To study the effects of treatment duration, MIN6 cells were ex-
posed to 0.5–3 mM OA with corresponding control solutions for
24 h (Fig. 4A) and 5 days (Fig. 4B), respectively. For both setups, a
dose-dependent toxic effect was observed. It was more pro-
nounced after 5 days of treatment. Prolonged culture doubled
absorption readouts in comparison with 24 h cultivation.

DMSO and ethanol significantly affect MTT to formazan
conversion in a dose-dependent manner

DMSO treatment of MIN6 cells for 24 h showed a negative effect
on MTT to formazan conversion for 4% w/w, whereas 0.5–2% w/w
increased optical density slightly (Fig. 5). 1–4% w/w ethanol
mediated a more pronounced reduction of MTT conversion,
while 0.5% and 1% did not show a significant difference in
optical density after 24 h.
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24 h ethanol treatment decreases ATP content of MIN6
cells

Treatment with ethanol for 24 h decreased intracellular ATP
level (Fig. 6). The effect was more pronounced by higher ethanol
concentration and significant for 0.45% w/w and 0.9% w/w.
Treatment with 0.225% led to a non-significant decrease of 30%
while 0.9% decreased ATP by 50%.

Ethanol-prepared FFA exhibit greater impairment of
insulin than DMSO-prepared FFA

For comparison of solvent effect on insulin synthesis, 1.5 mM OA
was dissolved in ethanol (final concentration ¼ 0.45% w/w) or
DMSO (final concentration ¼ 0.96% w/w). 1.5 mM OA dissolved in
ethanol mediated a �90% decrease of insulin concentration in cell
lysate (Fig. 7A) and in culture media (Fig. 7B), indicating abated in-
sulin secretion. Preparation with DMSO diminished lysate insulin
by �40% and secreted insulin in medium by �85%. The presence
of DMSO did not impair insulin production to such extent as the
presence of ethanol did despite its higher concentration.

Discussion

It is acknowledged that the effects of FFA treatment are essen-
tially dependent on carbon chain length, degree of unsatura-
tion, and concentration of the respective fatty acid as well as
treatment duration [15]. However, preparation of FFA can vary
significantly, and little is known about a possible impact on as-
say readouts and experimental outcomes.

Bovine serum albumin

BSA initially enhanced conversion of MTT to formazan in a
concentration-dependent manner in MIN6 culture before a

Figure 1: Optical density obtained from MTT assay after (A) 24 h treatment of MIN6 cells with different BSA concentrations and ethanol as toxic treatment (n¼4) and

(B) 120 h (5 days) treatment of MIN6 cells with different BSA concentrations (n¼3). *P<0.05, **P< 0.01, ***P<0.001, ****P<0.0001 compared with 0% BSA.

Figure 2: Optical density obtained from MTT assay (A) after treatment of MIN6 cells with different BSA concentrations for 24 h (n¼3) and (B) for different BSA concen-

trations without MIN6 cells (n¼3). *P<0.05 compared with (B) 1% BSA.

Figure 3: Normalized optical density after 24 h treatment with BSA (n¼3).

Readings of solutions without cells were subtracted from corresponding cell

samples.
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decrease was observed at higher concentrations. In a setup with-
out MIN6 cells, conversion increased steadily. The impact of BSA
on experimental outcomes has not been studied extensively. It is
unclear whether it is caused by an interference with conversion
of MTT to formazan or altered cytobiological function. Possible

mechanisms underlying a cell-dependent effect are growth fac-
tors; carrier function for small molecules; binding of toxic sub-
stances; or the supplementation of cell culture media with
essential compounds like lipids, amino acids, and metal ions [32,
33]. As Huang et al. [34] have demonstrated BSA significantly
reduces hydroxyl groups taking effect on antibody reactions.
Secretion of IL-1b and TNF-a was promoted by BSA in microglial
cells [35]. In brain tissue, BSA increased oxidation in mitochon-
dria particularly by activation of succinate dehydrogenase [36].
Ponte et al. [37] demonstrated that BSA can modulate muscle cell
response to calcium release of the sarcoplasmic reticulum.
Remarkably, high concentrations of BSA led to lower conversion
of MTT in MIN6 samples. General proteotoxic effects [38] might
explain this decrease. By assumption those high concentrations
of 6% or more with impairing effects are not used in regular cell
culture work. For cell-independent effects, a direct effect of BSA
on MTT was strikingly evident. Although absolute absorption lev-
els were only affected marginally, normalization with corre-
sponding cell-independent BSA controls can be a helpful tool to
clarify the cellular effects, especially in models with small differ-
ences between samples. A major concern is that cellular viability
as determined by MTT assay is overestimated if BSA in control
media is not adjusted. Maximum effect in our experiments was
þ50% in MTT to formazan conversion. It should also be consid-
ered that absolute absorption levels are time-dependent. After 5
days of culture, optical density approximately doubled when
compared with 24 h (Fig. 4). So far it is not known if prolonged
treatment with BSA containing media has a greater effect on
cell-independent MTT reaction. Judging from our data, a cell-
dependent and -independent effect might be possible. By rough
estimation, 1% of BSA in DMEM increased MIN6 viability by 10%.
By assuming a 5:1 ratio, most used models investigating 0.5 mM
FFA apply 0.1 mM BSA representing 0.66% BSA. Exposition
against low molecular FFA concentration should physiologically
only lead to a slightly reduced viability [39–41]. Therefore, BSA
exerts a relevant impact on MTT outcome when compared with
its lipotoxic effect and might conceal FFA-mediated effects. In
dosages mediating a significant level of lipotoxicity, this impact
becomes negligible. The significance of these effects is highly
depending on the experimental setup. If multiple concentrations
are tested, greater differences between employed amounts of
BSA occur. According to our previous work, this is the case for ap-
proximately 21% of articles on lipotoxicity in diabetic models
[15]. To be able to assess the impact of BSA, an exact

Figure 4: Optical density obtained from MTT assay of MIN6 cells after (A) 24 h and (B) 120 h (5 days) treatment duration with different concentrations of OA or corre-

sponding controls (n¼3). **P<0.01 compared with respective control treatment without fatty acid.

Figure 5: Optical density obtained from MTT assay of MIN6 cells treated for 24 h

with solvents DMSO and ethanol (n¼5). ****P<0.0001 compared with cell culture

with DMEM.

Figure 6: ATP level of MIN6 cells after 24 h treatment with ethanol (n¼8).

*P<0.05, ***P<0.001 compared with 0% ethanol.

Impact of differentially prepared fatty acid solutions | 5

D
ow

nloaded from
 https://academ

ic.oup.com
/biom

ethods/article/7/1/bpab023/6448770 by Juristisches Sem
inar G

iessen, c/o U
niversitaetsbibliothek user on 30 August 2022



methodological description is necessary. A concentration range
of 0.5–2 mM FFA would result in a BSA range of 0.1–0.4 mM repre-
senting 0.66–2.77% BSA. This could lead to a change of viability of
20%. Therefore, it is necessary to prepare individual control solu-
tions for all treatment conditions in MTT assays. In diabetes re-
search, outcomes also depend on FFA concentration as
concentrations below 0.1 mM exert positive effects on insulin se-
cretion as opposed to concentrations of 0.5 mM and above.
Underlying mechanisms involve promoted insulin secretion by
depletion of Ca storages induced by interaction of peroxisome
proliferator-activated receptor c (PPARc) and G protein-coupled
receptor 40 (GPR40), an effect which is especially seen after acute
treatment [42–44]. Physiological levels of FFA can be further used
for energy production increasing insulin secretion by elevated
ATP levels [45]. By chronic exposure, energy production is im-
paired by SREBP-1c-induced uncoupling of respiratory chain
complexes by UCP2. Beside possible interactions of BSA, both
FFA concentration and treatment duration can change experi-
mental outcomes. Also, molar ratio is a decisive parameter in lip-
otoxic research. The chosen ratio of FFA:BSA can generally
determine lipotoxic effects throughout different assays. It was
shown that mere changes can induce apoptotic effects [26] which
are prevented by lower molecular ratios [27]. These changes in
toxicity can also be apparent due to different preparations of
BSA. The amount of albumin can be affected by using commer-
cially available FFA-free albumin or charcoal-absorbed BSA
which can be used for removing bovine FFA, potentially altering
the outcome of certain assays. There are vast differences in ra-
tios employed throughout literature ranging from 74:1 [46] to 1:3
[47] or 1:5 [44]. To achieve the same FFA concentration of 0.5 mM,
different protocols give markedly divergent concentrations of
BSA like 0.045% [46], 10% [47], or 16.6% [44]. As 54% of reviewed
articles neither state the amount of BSA nor the FFA:BSA ratio, it
is doubtful that the general impact of BSA is commonly taken
into account. It would be helpful to state that BSA and solvents
were used as controls and their effects on cell viability were eval-
uated [48]. The matter is further complicated by the enrichment
of cell culture medium by BSA-containing serum.

Solvents

Direct toxic effects of solvents for FFA preparation have to be
considered carefully. Possible solvents have differential toxic im-
pact on cellular systems as shown by MTT and insulin ELISA.
DMSO seems to be less toxic for equimolar concentrations

compared with ethanol. Due to restrictions in solubility espe-
cially the use of highly concentrated PA requires high concentra-
tions of DMSO. Systematic evaluations of common solvents in
organisms serve as reference [18]. Embryotoxic effects com-
mence at ethanol concentrations above 1%. Equal concentrations
led to negative effects in performed MTT assays (Fig. 5). It can’t
be excluded that metabolic restrictions also occur at lower
concentrations.

The majority of articles does not provide the used solvent
and/or different concentrations are not discriminated in terms of
solvent concentration. When multiple concentrations of FFA are
used, a detailed description of respective preparations favoring
the preparation of individual stock solutions would be desirable.
A single stock solution applied for a range of concentrations
leads to decreased levels of solvents at higher dilution and vice
versa. Lipotoxic and solvent-induced effects might thus be diffi-
cult to be distinguished. Similarly, solvent controls should be
prepared for each concentration. This becomes especially rele-
vant for articles studying higher FFA concentrations due to solu-
bility characteristics. As 0.5 mM is the most frequently chosen
concentration applied, few articles are exceeding the concentra-
tion. Nine out of 132 articles reviewed for FFA-mediated effects
on mitochondrial function [15] employed a concentration be-
tween 1 and 2 mM. Three working groups gave sufficient infor-
mation to calculate final ethanol solution which was lower than
0.31%. Two articles used saponification. There was not sufficient
or no data at all on preparation of FFA solutions in the remaining
articles. Without these information, respective solvent-mediated
effects cannot be considered. As an example, a 1 mM OA solution
prepared from a 300 mM stock solution will contain a final etha-
nol concentration of 0.3%, while using a 100 mM stock solution
will result in 0.97% ethanol, potentially exerting significant toxic
impact on sensitive cell lines or assays as demonstrated by our
data (Fig. 5–7).

Limitations

Our aim was to generate a systematic approach to study rele-
vant parameters in FFA preparation employing a widely used b-
cell model. Data presented herein have been collected from
2019 to 2021 and were consistent with previously mostly unpub-
lished data gathered by multiple researchers from our group
during the last 5 years. However, there are limitations to this
study. Only single effectors were tested, leaving the question if

Figure 7: Insulin amount of (A) MIN6 cell lysate and (B) culture medium after 24 h treatment with 1.5 mM OA prepared with DMSO or ethanol (n¼4). **P<0.01,

****P<0.0001 compared with 0 mM.
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and how respective concentrations take impact on experimen-
tal outcomes once combined in the final treatment solution. We
mainly focused on MTT assay as predictor of cellular function.
Future studies should thus evaluate the impact of FFA solution
preparation on a broader range of assays. Our data further
revealed that the quantitative impact on experimental out-
comes depends on the respective assay. Treatment with 1% eth-
anol only changed MTT results slightly whereas cellular ATP
content was diminished by 50% and exposure to 1.5 mM OA led
to a 20% decrease in MTT reaction but a 90% decrease in insulin
ELISA readout. The impact of the effectors employed in this
study on mere assay results must thus be carefully delineated
from their biological effects and considered for interpretation of
experimental outcomes, especially regarding potential implica-
tions for in vivo studies. Comparison of albumin levels and ex-

perimental parameters to mimic physiological conditions is
difficult. Level of human serum albumin ranges from 550 to
700 mM in healthy individuals [49] with very limited data on the
effects of BSA. Respective studies involve various experimental
models and concentrations applying 0.7–30 mM [35–37] while
BSA concentration and/or FFA:albumin molar ratio in diabetic
research are often not stated [15, 27]. Applied BSA concentration
in the current study comprised 100–600 mM correlating with
(sub-)physiological levels. However, medical conditions such as
diabetes mellitus [50] or liver disease [51] can significantly affect
serum albumin levels. Drawing conclusions from our data on
the significance for in vivo assays does thus not seem feasible.

Conclusion

Our data demonstrate that preparation of FFA solutions can ex-
ert significant impact on experimental outcomes when study-
ing lipotoxic effects. Effects of utilized solvents, amount of BSA,
molar relation of FFA to BSA, treatment time, and choice of con-
trols can exponentiate or counteract each other to a great ex-
tent. Popular assays used for estimating cell viability like MTT
to formazan conversion are susceptible to BSA. Solvents in gen-
eral have detrimental effects on cells. It is difficult to predict
and analyze the outcomes of these effects, especially since in-
formation on preparation of FFA solutions is frequently omitted
or incomplete in literature. We recommend that researchers
give respective information to allow for comparability and ap-
propriate interpretation of data. A suggested protocol is given in
the Supplementary Data.

Supplementary data

Supplementary data are available at Biology Methods and
Protocols online.
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24.Fagyas M, Úri K, Siket IM et al. New perspectives in the renin–
angiotensin–aldosterone system (RAAS) II: Albumin sup-
presses angiotensin converting enzyme (ACE) activity in hu-
man. PLoS ONE 2014;9:e87844.doi:10.1371/JOURNAL.PONE.
0087844.

25.Saifer A, Goldman L. The free fatty acids bound to human serum
albumin. J Lipid Res 1961;2:268–70. doi:10.1016/S0022-2275(20)
39014-3.

26.Cnop M, Hannaert JC, Hoorens A et al. Inverse relationship be-
tween cytotoxicity of free fatty acids in pancreatic islet cells
and cellular triglyceride accumulation. Diabetes 2001;50:
1771–7. doi:10.2337/diabetes.50.8.1771.

27.Oliveira AF, Cunha DA, Ladriere L et al. In vitro use of free fatty
acids bound to albumin: A comparison of protocols.
Biotechniques 2015;58:228–33. doi:10.2144/000114285.

28.Funk D, Schrenk H-H, Frei E. Serum albumin leads to false-
positive results in the XTT and the MTT assay. Biotechniques
2007;43:178–86. doi:10.2144/000112528.

29.Mosmann T. Rapid colorimetric assay for cellular growth and
survival: Application to proliferation and cytotoxicity assays.
J Immunol Methods 1983;65:55–63. doi:10.1016/0022-1759(83)
90303-4.

30.Baltrusch S, Lenzen S. Novel insights into the regulation of
the bound and diffusible glucokinase in MIN6 b-cells. Diabetes
2007;56:1305–15. doi:10.2337/db06-0894.

31.Bradford MM. A rapid and sensitive method for the quantita-
tion of microgram quantities of protein utilizing the principle
of protein-dye binding. Anal Biochem 1976;72:248–54. doi:
10.1016/0003-2697(76)90527-3.

32.Lane BP, Miller SL. Preparation of large numbers of uniform
tracheal organ cultures for long term studies. In Vitro 1976;12:
147–54. doi:10.1007/BF02796363.

33.Keenan J, Doherty G, Clynes M. Separation of growth-
stimulating activity of BSA fraction V from the bulk of albumin
using heparin sepharose chromatography. Cytotechnology 1995;
19:63–72. doi:10.1007/BF00749756.

34.Huang Z, Gengenbach T, Tian J et al. Effect of bovine serum al-
bumin treatment on the aging and activity of antibodies in
paper diagnostics. Front Chem 2018;6:161.doi:10.3389/fchem.
2018.00161.

35.Zhao T, Xia Y, Li L et al. Bovine serum albumin promotes IL-
1beta and TNF-alpha secretion by N9 microglial cells. Neurol
Sci 2009;30:379–83. doi:10.1007/S10072-009-0123-X.

36.Panov A, Vavilin V, Lyakhovich V et al. Effect of bovine serum
albumin on mitochondrial respiration in the brain and liver
of mice and rats. Bull Exp Biol Med 2010;149:187–90. doi:
10.1007/S10517-010-0904-5.

37.Ponte C, Oliveira C, Suarez-Kurtz G. Bovine serum albumin
potentiates caffeine- or ATP-induced tension in human
skinned skeletal muscle fibers. Braz J Med Biol Res 1997;30:
675–8. doi:10.1590/S0100-879X1997000500017.

38.Boyer F, Diotel N, Girard D et al. Enhanced oxidative stress in
adipose tissue from diabetic mice, possible contribution of
glycated albumin. Biochem Biophys Res Commun 2016;473:
154–60. doi:10.1016/J.BBRC.2016.03.068.

39.Wang W, Zhang D, Zhao H et al. Ghrelin inhibits cell apoptosis
induced by lipotoxicity in pancreatic b-cell line. Regul Pept
2010;161:43–50. doi:10.1016/j.regpep.2009.12.017.

40.Gu J, Wei Q, Zheng H et al. Exendin-4 promotes survival of
mouse pancreatic b-cell line in lipotoxic conditions, through
the extracellular signal-related kinase 1/2 pathway. J Diabetes
Res 2016;2016:5294025–8. doi:10.1155/2016/5294025.

41.Oberhauser L, Granziera S, Colom A et al. Palmitate and
oleate modify membrane fluidity and kinase activities of
INS-1E b-cells alongside altered metabolism-secretion
coupling. Biochim Biophys Acta Mol Cell Res 2020;1867:
118619.doi:10.1016/j.bbamcr.2019.118619.

42.Remizov O, Jakubov R, Düfer M et al. Palmitate-induced Ca2þ-
signaling in pancreatic beta-cells. Mol Cell Endocrinol 2003;212:
1–9. doi:10.1016/j.mce.2003.09.026.

43.Oropeza D, Jouvet N, Bouyakdan K et al. PGC-1 coactivators in
b-cells regulate lipid metabolism and are essential for insulin
secretion coupled to fatty acids. Mol Metab 2015;4:811–22. doi:
10.1016/j.molmet.2015.08.001.
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