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Natural compounds have diverse structures and are present in diﬀerent forms of life. Metabolites
such as tannins, anthocyanins, and alkaloids, among others, serve as a defense mechanism in live
organisms and are undoubtedly compounds of interest for the food, cosmetic, and pharmaceutical
industries.
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1. Introduction
According to the World Health Organization (WHO), 80% of the global population uses medicinalplant-based medicine to alleviate or cure diseases

[1].

In addition, although estimates vary

depending on what is considered a natural-product-derived drug, it is safe to say that up to 50%
of currently marketed drugs owe their origins to natural products [2]. New molecules from natural
resources with potential bioactivity are reported every day; however, only a few of these
molecules are evaluated for their suitability for use as drugs

[3].

Identifying bioactive compounds

(hits or leads) is the initial step for drug discovery. Therefore, it is necessary to select suitable
bioassays to evaluate both the activity against the disease and the potency. For this purpose,
target-based screening is mainly used to identify compounds that modulate the activity of a target
involved in a disease. This screening involves diﬀerent in vitro biological assays designed to
measure primary activities, selectivity, cellular toxicity, and physiologically relevant activity. The
initial phases of a target-based screening cascade typically employ a range of in vitro assays,
especially high-throughput screening (HTS); however, the study is more expensive and timeconsuming

[4][5]

. In the ﬁrst instance, the assays can be selected considering that structurally

similar compounds have similar biological activity; however, this cannot always be carried out,
especially when working with natural compounds or natural extracts.`
Extracts from various plants are commonly used in traditional medicine, either alone or in
combination, but in many cases only a few of them are evaluated for their biological activity.
However, due to inadequate fractionation processes or the degradation of active compounds
during separation, it is not always easy to identify the molecules responsible for the activity of
these extracts. Since obtaining an isolated compound very often requires infrastructure and
specialized personnel and is expensive, it is challenging to oﬀer pharmacological alternatives of
this nature to people with low incomes. In addition, since medicinal herbs can be grown locally at a
reasonable cost, natural extracts remain an option for treating some diseases in populations with
limited resources or living in remote areas

[6].

An important advantage of using crude extracts vs. isolated molecules is the presence of
molecules in the extract that can interact synergistically with the bioactive compound,
potentiating its beneﬁcial eﬀect [7]. However, despite their potential as accessible treatment
options and as sources of bioactive molecules for drug discovery, it must be highlighted that
similar to other pharmacological alternatives, natural extracts can also present adverse eﬀects

that should be considered and evaluated. Having many assays on hand to discard or conﬁrm
activities is critical when looking for bioactive compounds because the aim while looking for
therapeutic agents is to identify an acceptable technique that can screen the source material for
bioactivity.

2. Cytotoxicity Activity in Cultured Mammalian Cells
In the early stages of drug development, extensive toxicity screening is essential [8][9]. Animal
studies involve high costs and are often restricted by diﬀerential responses due to the
physiological diﬀerences between species and limitations in test feasibility. Alternatively, in vitro
cytotoxicity assays are advantageous in preclinical studies due to their eligibility, costeﬀectiveness, and reproducibility. Natural compounds have become particularly relevant in
identifying safer and more eﬀective treatments

[10].

To evaluate the cytotoxicity in mammalian cells, it is critical to select the proper cell line for each
particular experiment, considering the relevant species, speciﬁc organs, and chosen route of
administration. Multiple cell lines are available for in vitro testing, including immortalized cell lines,
primary cultures, and stem cells. Each cell line has requirements that need to be deﬁned before
the experiment to ensure a proper understanding of the potential mechanisms of toxicity

[11][12]

.

A wide range of in vitro assays are currently available for cytotoxicity testing [13][14]. While direct
cytotoxicity assays focus on detecting a loss of membrane integrity associated with cell death, cell
viability assays are developed to measure the activity related to cellular maintenance and
survival. Additionally, other assays allow the direct and indirect quantiﬁcation of changes in the
population at speciﬁc phases of the cell cycle and provide information on the mechanism of cell
death

[15]

. Diﬀerent approaches are employed in parallel to better understand the cytotoxicity

mechanisms, such as the terminal deoxynucleotidyl transferase dUTP nick end labeling (TUNEL)
assay and the comet assay for the analysis of DNA fragmentation
activation of apoptosis-related caspases

[17][18]

[16]

; the determination of the

; or the detection of the relative level of telomerase

activity (TRAP, telomerase repeat ampliﬁcation protocol) [19][20]. Determining the cytotoxicity
against tumor cells; detecting the rate and regulation of cell migration; and analyzing anchorageindependent proliferation, chemotaxis, and invasion are essential factors usually evaluated using
colony-forming assays in soft agar and scratch assays using dual-chamber systems

[21][22][23].

In short, each assay has its limitations. Although the 3-[4,5-dimethylthiazol-2-yl]-2,5 diphenyl
tetrazolium bromide (MTT) assay has been generally accepted as the gold standard in cytotoxicity
testing, this method is not always the most pertinent due to interference with the test compounds,
particularly with natural extracts

[24][25]

. Therefore, before selecting an appropriate methodology,

diﬀerent assays should be compared and more than one should be used when possible. The cost,
reliability, timing, user-friendliness, and equipment requirements should also be considered

[26].

Although two-dimensional mammalian monocultures stemming from speciﬁc cell types are widely
used based on their reproducible and rapid growth, high productivity levels, ease of data
interpretation, and value, the artiﬁcial nature of the culture environment presents limitations in
drug safety and eﬃcacy evaluation

[27][28]

. In this sense, even though improved versions of the

classical reagents are being developed, the ﬁeld’s current focus is shifting towards co-culture
systems, human organoids, and other sophisticated three-dimensional culture models that collect
more physiologically relevant data and represent methods that could better connect traditional
cell culture and in vivo models

[29][30][31]

(Figure 1).

Figure 1. High-tech in vitro models to assess cytotoxicity in cultured mammalian cells. (A) Dual
chamber, test compound, and metabolites diﬀuse through the microporous barrier toward target
cells. (B) Three-dimensional cellular models based on multicellular spheroids or organoids
consisting of target cells or the co-cultivation of several types of cells on extracellular matrix
(ECM). (C) Organotypic cultures, whereby cells, organ slices, or whole organs are cultured on a
tissue culture insert that is either submerged in medium or maintained at an air–liquid interface to
ensure suﬃcient oxygen supply. (D) Microﬂuidic system based on a mixture of cells and matrix
collected in the central channel and medium ﬂowing from the lateral channels that keeps particles
in homogenous suspension.
From the array of cell cultures available for in vitro testing that oﬀer diverse degrees of intricacy
and similarity to the in vivo setting, organotypic cultures are tissue slices that maintain cell
interactions and the extracellular matrix composition of the original tissue and tissue function
[32][33][34][35]

. However, this system lacks intercommunication with the circulatory and immune

systems and is inadequate for medium- to high-throughput analysis

[11].

Three-dimensional

spheroids and organoids self-organize into organ-speciﬁc structures that accurately replicate
paracrine and direct intercellular interactions

[36][37][38]

. While spheroids are usually made from

cell lines and oﬀer lower complexity, organoids are derived from the stem cells of diﬀerent origins
and resemble the original tissue in the structure, histologically and genetically

[39][40]

. Tumor

organoids are particularly relevant, since these systems provide suitable platforms to recapitulate
the complex tumor microenvironment and its heterogeneity, allowing the study of chemical and
metabolic gradients and mechanisms of resistance

[29][41]

.

The evidence indicates that microﬂuidic devices are gaining traction in the area of cytotoxicity
assays

[42][43]

. Compared to static conditions, microﬂuidic systems can reproduce the speciﬁc ﬂow,

temperature, pressure, and chemical gradients of the in vivo systems

[44][45][46]

. Thus, they can

reconstruct the continuous renewal of nutrients, gasses and toxic wastes, migration, and
microcirculation. These systems also support longer culture times and drug treatments that are
more pharmacologically signiﬁcant

[47]

.

3. Antihyperglycemic Activity
Diabetes is a global health disease aﬀecting 422 million people worldwide

[48]

. This disease is

characterized by elevated blood glucose levels, which if untreated leads to severe multi-organ
failure and 1.5 million deaths each year. Antihyperglycemic agents are a heterogeneous group of
molecules obtained via chemical synthesis or isolation from natural sources that lower the glucose
concentration in the blood or prevent its increase

[49]

.

(i) assays based on the inhibition of isolated enzymes involved in the regulation of blood glucose
levels and (ii) assays used to measure major cellular processes that directly alter glucose levels,
mainly glucose uptake and insulin secretion [50]. The ﬁrst group includes enzymes that catalyze
the breakdown of poly- and oligosaccharides such as α-amylase and α-glucosidase, respectively.
The inhibition of the mentioned enzymes and others with a similar role in carbohydrate digestion
is considered antidiabetic. The reduction in the glucose concentration available to absorb in the
intestine prevents a further increase in blood glucose

[51]

. The α-amylase and α-glucosidase

inhibition assays are reactions of commercially available enzymes and substrates in the optimal
conditions (buﬀer, pH, cofactors), allowing the detection of the reaction product(s)

[52].

The most common substrate used to measure α-amylase is starch. The method is based on the
reaction of starch with dinitrosalicylic acid (DNS), which reacts with reducing sugars, producing 3amino-5-nitrosalicylic acid, which is measured spectrophotometrically at 540 nm. Most αglucosidase assays rely on the spectrophotometric detection of p-nitrophenol liberated after the
hydrolysis

of p-nitrophenyl-α-d-glucopyranoside (pNPG), which can be measured at 400 nm.

Dipeptidyl peptidase IV (DPP4) and tyrosine phosphatase 1B (TP1B) are involved in the indirect
regulation of glucose levels by modulating insulin secretion (DPP4) [53] and signaling (TP1B) [54],
respectively. DPP4 is a serine exopeptidase that cleaves diﬀerent peptides, including GLP-1, a
major regulator of insulin secretion in response to glucose

[55]

. Thus, inhibiting DPP-4 in vivo

increases the availability of GLP-1 and insulin secretion, reducing blood glucose

[56]

. TP1B

negatively regulates insulin and leptin signaling by dephosphorylating the insulin receptor (IR) and
its downstream signaling components

[57][58]

. The inhibition of TP1B releases insulin signaling from

TP1B-mediated dephosphorylation and allows insulin downstream signaling

[52]

. The second group

includes assays designed to measure the potential inhibitory eﬀects of diﬀerent molecules on
relevant cellular processes controlling blood glucose levels, such as glucose uptake and insulin
secretion. The glucose uptake assay is based on the internalization of a labeled glucose analog
that cannot be fully utilized because of its modiﬁcation. It accumulates inside the cells, facilitating
its detection. The output generated by the accumulation of labeled analogs is proportional to the
glucose uptake and can be detected and quantiﬁed using standard equipment such as
ﬂuorescence or bioluminescence readers

[59][60]

or ﬂuorescence-activated cell sorting (FACS)

[61]

.

These assays can be performed in mammalian cell lines, given the importance of measuring the
physiologically relevant eﬀects. Some studies report using yeast cells as an alternative to
mammalian cell lines

[62].

For example, a recent study described a label-free method to measure

glucose uptake in yeast cells using pHluorin, a genetically encoded pH-sensitive green ﬂuorescent
protein

[63]

. In general, insulin secretion assays are performed using ß-cells isolated from

pancreatic or islet cell cultures. The cells are stimulated by glucose and incubated with the
compound or plant extract to measure the insulin secretion modulation eﬀect [64]. After being
released from cells, insulin can be measured via radioimmunoassay

[65][66]

or ELISA. Recently, a

luminescent alternative to detect insulin was described by Hager et al. and Kalwat et al.

[67][68]

.

Despite continuous improvements in measuring glucose and glucose-associated processes, a
relevant challenge is to fully understand the physiological and pathological roles of blood glucose
levels and their impact on health conditions and disease. In vitro methods are critical for
discovering natural compounds with antidiabetic activity. Although diabetes and other health
issues associated with high blood glucose levels can be treated using available antidiabetics,

given the vast chemical diversity of natural products with unknown but potentially beneﬁcial
eﬀects, the evaluation of the antidiabetic activity of molecules obtained from natural sources is a
very relevant research topic. Some parameters that are actively being improved to allow the
eﬃcient prospection of potential candidates for developing novel antidiabetic drugs from natural
sources are: (i) increasing the sensitivity and robustness of the assays; (ii) reducing the laborious
steps needed for the preparation of samples and cell extracts; and (iii) increasing the throughput
of the assays.
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