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Abstract 

Metformin is the first-line drug for the management of Type 2 Diabetes (T2DM) in 

Aotearoa/New Zealand. Approximately ~20% of patients are intolerant to metformin. This 

intolerance presents as gastrointestinal distress, nausea and diarrhoea. Metformin is almost 

exclusively transported into cells, its site of action, by transport proteins of the Solute Carrier 

family (SLC). Two transcription factor families PPAR and HNF may dynamically regulate the 

expression of these SLC transporters. Their endogenous ligands, free fatty acids (FFA), are 

often substantially elevated in T2DM patients. This research hypothesises that high levels of 

circulating free fatty acids, specifically palmitic and oleic acid, activate PPAR and HNF, 

altering the expression of transporters relevant to the distribution of metformin within the 

enterocyte, leading to intolerance.  

Using non-differentiated Caco-2 cells as an in vitro model of the gut, the aims of this thesis 

were to 1) determine the ability of FFA to induce steatosis in Caco2 cells, 2) determine whether 

steatosis alters metformin-induced changes in Caco2 cell viability, and 3) determine whether 

steatosis alters the facilitated intracellular transport of metformin in Caco2 cells.  

At a soluble, nontoxic, concentration (100 µM), palmitic acid did not induce steatosis. At 1 

mM, oleic acid for 24 h was found to induce steatosis, without toxicity. Concentration-

dependent effect experiments determined oleic acid did not alter the cytotoxicity of metformin 

compared with controls, as determined visually and by two assays of cell viability after 24 - 72 

h of exposure. The kinetics of radiolabelled metformin were established in steatotic and non-

steatotic cells. Oleic acid exposure (72 h) slightly decreased the active transport of metformin, 

relative to vehicle control. These preliminary findings suggest oleic acid may alter the active 

transport of metformin but that this alteration is unlikely to be relevant for cytotoxicity. 

Phenotypic differences between the enterocyte and non-differentiated Caco-2 cell, however, 

indicate further studies are required to fully understand the impact of steatosis on metformin 

kinetics. 
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1 Introduction 

1.1 Background 

Type 2 Diabetes Mellitus (T2DM) is the most common form of diabetes and affects over 

200,000 New Zealanders, with Māori and Pasifika populations especially impacted (1). 

Biochemically T2DM is characterised by acquired hyperglycaemia, insensitivity to insulin and 

pancreatic β-cell dysfunction. The result is a host of physiological manifestations such as 

hyperphagia, polydipsia, and polyuria. Sequelae to unmanaged T2DM include increased risk 

of stroke, ischemic heart disease, kidney failure, blindness, and neuropathy.  

The disordered biochemistry that occurs in T2DM often results in increased levels of 

circulating free fatty acids (FFA) and triggers signalling cascades that lead to systemic low-

grade inflammation driven by cytokines such as IL-6. 

T2DM had previously been a disease of affluent populations associated with calorific excess, 

however, it is an increasing global health concern as rates among the world’s population 

continue to increase. T2DM is a major source of morbidity globally (2). Furthermore, 

potentially lethal comorbidities are associated with the development and progression of T2DM 

including cardiovascular and renal disease. The management of T2DM is therefore of 

paramount importance to global health. 

In terms of pharmacotherapy, metformin is typically the first line treatment for T2DM in most 

jurisdictions. Metformin is a biguanide compound, originally derived from galegine, an extract 

from Galega officinalis also known as French lilac.  Metformin was first discovered in 1922 

but was not used clinically until 1957 in France, and in the USA from 1994 (3-5).  

1.2 Pharmacodynamics  

The mechanism of action of metformin is yet to be fully elucidated and complicated by the fact 

it decreases both blood glucose and lipids, whilst increasing hepatic insulin sensitivity (4). 

Several mechanisms have been proposed to explain these effects but to date, there is no 

consensus. 

The most prominent theory is that metformin inhibits mitochondrial complex I of the OXPHOS 

system decreasing available energy. In addition, metformin may also inhibit the 
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glycerophosphate shuttle necessary for gluconeogenesis, further decreasing the cell’s capacity 

for energy storage (4). This has been contested on the basis that supra-pharmacological 

concentrations of metformin are required to inhibit complex I, however, metformin 

accumulates at much higher levels within mitochondria than in the rest of the cell, and studies 

examining the effect of intravenous metformin have concluded that prolonged exposure, and 

therefore accumulation, is required for the anti-hyperglycaemic effect (4, 6). 

Whether by direct inhibition, or by altering the ratio of AMP to ATP by the previous 

mechanism, metformin can activate AMP-activated protein kinase (AMPK). This is a master 

regulator of cell metabolism and is acutely sensitive to changes in the AMP/ATP ratio, 

activation is associated with a shift towards energy expenditure, namely the oxidation of lipids, 

and the catabolism of glucose (4). This could explain both the anti-glycaemic and lipid 

lowering effects of metformin. 

Inhibitory phosphorylation of acetyl Co-A carboxylase by AMPK has been suggested as the 

major mechanism behind the insulin sensitising activity of metformin, at least in mice (7). This 

enzyme is another major regulator of lipid oxidation and de novo fatty acid synthesis. Indeed 

the accumulation of intracellular lipids within the skeletal muscle, a major energy sink, is 

causally associated with decreased insulin sensitivity in non-diabetics (8-10).  

It has also been suggested that the hypoglycaemic effect of metformin stems in part from 

increasing the degree of anaerobic metabolism within enterocytes (11). Additionally, lactate, 

the product of anaerobic metabolism, is then partially reconverted to glucose in the liver, 

forming a futile energy cycle. Combined with the decreased rate of absorption, the result is a 

net decrease in blood glucose (11, 12). The concentrations of metformin in the gut are also 

significantly higher than in plasma; suggesting that AMPK-dependent and independent 

mechanisms could also occur (13). 

1.3 Pharmacokinetics 

Studies of metformin pharmacokinetics have identified the importance of flip-flop kinetics; 

where the rate of absorption was slower than the rate of elimination (14). Additional studies 

demonstrated that absorption of metformin was the rate-limiting step in its distribution (15). 

The absorption time of immediate release oral metformin has been reported as approximately 

3 hours (16). However, metformin is incompletely absorbed independent of the dose given and 
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oral bioavailability is low (14, 16). Indeed when metformin was given orally up to 30% of the 

initial dose could be recovered in faeces (16). 

This, combined with a multiphasic elimination profile consisting of a rapid elimination from 

the central compartment (~ 2 h) followed by a much longer elimination period (~ 12-14 h) from 

the deep compartment, indicates that a saturable process may be involved in the distribution 

and excretion of metformin (15). 

Metformin is cationic at physiological pH and is unable to passively diffuse across cell 

membranes. Its movement is therefore facilitated by transporter proteins. These transporters, 

all of which are members of the solute carrier (SLC) superfamily, include the organic cation 

transporter family (OCT), serotonin transporter (SERT), plasma membrane monoamine 

transporter (PMAT), the thiamine transporter 2 (THRT-2) and the multidrug and toxic 

compound extrusion protein 1 (MATE1). In 2001 OCT1, OCT2 and OCT3 were identified as 

transporters of metformin (17). This was followed by the identification of MATE1 in 

2006 (18), and PMAT, SERT, OCTN1 and CHT in 2015 (19). Whilst a substantial fraction 

of metformin is thought to diffuse paracellularly across the gut wall, the dependency of 

metformin absorption on facilitated transport may explain the flip-flop pharmacokinetics 

(19). Considering the evidence that the intestine is a key site of action, the amount of 

metformin actively transported into the enterocyte may influence its efficacy.   

The OCT subfamily (encoded by genes in the SLC22 subfamily) are bi-directional Na+-

dependent transporters of organic cations. The OCT subfamily are involved in the distribution 

of both endogenous and exogenous ligands, such as prostaglandins and metformin respectively 

(20). They are widely distributed throughout the body, with high expression in the gut, liver, 

and kidneys.  

OCT1 (encoded by SLC22A1) has been the focus of several metformin transport studies (21, 

22). It is localised within the apical face of enterocytes and facilitates the intracellular transport 

of metformin (23). Additionally, OCT1 is also localised in the sinusoidal membrane of 

hepatocytes and in the lateral membrane of enterocytes (23, 24). OCT1 has been proposed as 

the dominant facilitator of intracellular metformin transport in the gut and liver with up to 25% 

of total metformin uptake being attributed to it, in a study using Caco-2 as a model of intestinal 

absorption (19).  
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OCT2 (SLC22A2) is primarily localised in the kidneys, within the basolateral membrane of 

tubular cells, and the limbic system and is responsible for the excretion of many endogenous 

and exogenous substrates (25, 26).  

OCT3 (SLC22A3) is localised in the apical face of enterocytes and within the sinusoidal 

membrane of hepatocytes much like OCT1 (23).  

The OCTN subfamily of carnitine transporters are also widely distributed across body tissues 

and are zwitterion uniporters as well as cation/anion exchangers (20). OCTN1 and OCTN2 are 

expressed in the apical surface of enterocytes and have been identified as potential transporters 

of metformin (26, 27).  

Currently OCT1, 2, and 3, and OCTN1-2 are the most studied transporters in metformin 

transport kinetics in vitro but several other transporters have been the subject of increasing 

interest. 

SERT (encoded by SLC6A4) is a member of the monoamine transporter subfamily and is 

principally responsible for 5-hydroxytryptamine (5-HT) transport into cells. In addition to 

being present in the nerve synapse, SERT is also found in the apical surface of enterocytes 

(20).  

PMAT (encoded by SLC29A4) is responsible for the inward transport of monoamines such as 

tyramine, histamine, and dopamine and relies on the electrogenic potential of the cell 

membrane to accomplish this (28). PMAT, whilst a member of, and structurally related to the 

equilibrative nucleoside transporter family, functions like the OCT subfamily (28). PMAT is 

localised within the apical surface of enterocytes. Both PMAT and SERT are considered to be 

key transporters of metformin with some studies attributing 20% of total metformin uptake in 

vitro to PMAT and SERT (19, 29). 

MATE1 (encoded by SLC47A1) utilises electrogenic H+ gradients to export ligands into the 

lumen of the renal tubule (20). MATE1, alongside OCT2, plays a central role in the excretion 

of metformin into the urine (30). MATE2-K is localised within the brush border of renal tubule 

cells and also excretes metformin into the urine (31). 

The thiamine transporter 2, THRT-2, (encoded by SLC19A2), was discovered as a metformin 

transporter in 2015 (32). Like the OCT, PMAT, CHT, and OCTN subfamilies, THRT-2 is 
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found in abundance in the gut, with mRNA expression higher than OCT1 in intestinal tissues 

(32). 

CHT (encoded by SLC5A7) is a weakly Na+ dependent transporter that presents in both nervous 

and gut tissue and is responsible for the uptake of choline (20). CHT has been shown to 

transport metformin and this appears to be because metformin and choline are both cationic, 

quaternary amines (19). 

Current consensus holds that OCT1 is responsible for the majority of metformin transport in 

both the gut and liver (19). However most studies characterising metformin transport have 

limited their assessment to the OCT subfamily. Whilst OCT1-3 are important metformin 

transporters, the relative role of these compared with other candidate transporters may be 

biased due to the over-representation of studies in the literature solely focussed on these 

proteins.  

The most widely used model for metformin transport studies are Caco-2 cells. However, there 

is a concern that variation in mRNA and protein expression of the OCT subfamily in different 

Caco-2 cultures is significant enough that untoward focus on OCT may hinder rather than aid 

studies in metformin absorption and distribution (33-36). There is, therefore, a need for studies 

that include other transporters in their assessment of metformin transport in the enterocytes. 

Furthermore, studies disagree on the proportion of metformin transport each protein is 

responsible for, and some disagree on whether metformin is a substrate for OCTN2 or SERT 

(23, 27). These differences may be explained by phenotypic differences in Caco-2 cultures 

between laboratories and by interindividual variability in the expression of these transporters 

in intestinal tissues (37). 

1.4 Intolerance and Therapeutic Failure 

Up to ~20% of patients do not tolerate standard doses of metformin and have distressing 

gastrointestinal (GI) side effects such as diarrhoea, nausea, flatulence, indigestion, vomiting 

and abdominal discomfort (13). These GI adverse can lead to non-compliance or 

discontinuation and this is a barrier to successful management of T2DM (38).  

Metformin does not undergo biotransformation and is eliminated renally (15, 39). There is no 

difference in plasma pharmacokinetics between cohorts tolerant or intolerant to metformin 

treatment (40). This led the study authors to hypothesise that metformin intolerance was not 
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due to the (paracellular) absorption of metformin across the gut wall or renal elimination but 

to local factors within the enterocyte or lumen (40). 

1.4.1 Gut Microbiome and Metformin 

Alterations in gut microbiota have been suggested as a component in the pathology of 

metformin intolerance. Burton et al (2015) proposed that increasing levels of unabsorbed 

glucose or polysaccharides foster increased populations of Lactobacilli sp., Streptococcus 

bovis, Bifidobacterium sp. and Eubacterium sp. and this, in turn, increases levels of colonic D-

lactate, a portion of which is converted to L-lactate, leading to GI disturbance (41). This ties in 

with the concept that intracellular metformin may alter the biochemistry of the enterocytes. 

Following co-administration of metformin with a GI microbiome modulator to 11 metformin 

intolerant T2DM patients, it was found that subject-reported tolerability of GI disturbance had 

improved, but not abated (41).  

The authors speculated that metformin inhibition of glycerophosphate dehydrogenase blocked 

D-lactate metabolism in bacteria and that the microbiome modulator decreased bacterial

overgrowth thereby improving metformin tolerance. However, there is no quantitative data

about the levels of these bacterial species required to induce metformin intolerance (42, 43).

Whilst metformin is a known stimulator of Akkermansia muciniphila and Clostridium

cocleatum growth neither of these species have been implicated in metformin intolerance or

increased D-lactate levels (42).

The role of a perturbed gut microbiome in metformin intolerance has been proposed by others. 

Increased lipopolysaccharide, short chain fatty acids and decreased mucin have all been 

suggested as explanatory factors on how increases in some bacteria could induce metformin 

intolerance (44). So far, these hypotheses are conclusions drawn from experiments designed to 

assess the impact of microbiome changes with regard to metformin efficacy and mechanism of 

action, rather than studies on the pathology of intolerance. Whilst there was no difference in 

plasma L-lactate or serotonin levels between metformin intolerant and tolerant cohorts (40), if 

luminal D-lactate is the causative agent, however, this may have no relationship to plasma 

lactate levels. 

It remains unclear whether changes to the gut microbiome can induce the metformin 

intolerance seen clinically. 
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1.4.2 Metformin Transporters and Pharmacogenetics 

There is evidence that inherited variation in the expression of SLC transporters might influence 

metformin pharmacokinetics (absorption, distribution, and elimination). This variability may 

influence the risk of GI intolerance in some individuals. Transporters with defined genetic 

polymorphisms have confirmed but negligible effects on metformin pharmacokinetics, these 

include OCT1-3, PMAT and MATE1 and 2-K (22, 26, 29, 45). Decreased function variants 

in the genes for SLC22A1, SLC22A2 and SLC22A3 (encoding OCT1-3) are thought to 

contribute to metformin intolerance by preventing drug uptake from the gut (22, 31, 46). 

SLC47A1 and SLC47A2  (encoding MATE1 and MATE2-K) decreased function variants have 

been reported to increase circulating metformin concentration as less drug is excreted (16). The 

association of SLC47A1 and SLC47A2 polymorphisms with intolerance however is 

negligible, since MATE1 & MATE2-K are primarily expressed in the proximal tubule and 

function as renal exporters of metformin.  

Decreased function variants in SLC29A4 (which encodes PMAT) have been associated with an 

increase in the likelihood of metformin intolerance, especially in conjunction with SLC22A1-3 

decreased function variants (29). A variant in SLC6A4 (which encodes SERT) transporter has 

also been identified and may also associate with metformin intolerance (47). 

No published research on associations between decreased function variants of SLC19A2 and 

SLC5A7 (encoding THRT-2 and CHT) in relation to metformin intolerance could be identified 

at the time of writing this thesis. However, the focus on OCT1-3 as the principal transporters 

of metformin, means that most gene association studies into metformin intolerance have 

primarily investigated decreased function variants of SLC22A1-3.  

1.4.3 Disease-Drug Interactions 

Genetic variation in the activity of these SLC transporters, where investigated, does not explain 

the majority of the inter-individual variability of metformin pharmacokinetics, 

pharmacodynamics or tolerability as the impact of these polymorphisms is negligible (26, 40). 

Furthermore, these studies have not investigated the associations with increased function 

polymorphisms nor investigated possible dynamic changes in transporter expression. The 

potential for disease-associated regulatory changes to alter the expression of metformin 

transporters has yet to be investigated. 
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Steatosis is one such disease related factor. Steatosis is defined generally as the accumulation 

of lipids within cells beyond the physiological norm (>5% of tissue affected). Due to 

hyperlipidaemia, steatosis (also known as ‘ectopic fat’) is a common histopathological finding 

in patients with T2DM. This is a well-documented phenomenon in hepatocytes were the 

condition is known as Non-Alcoholic Fatty Liver Disease (NAFLD), which affects up to 75% 

of all USA patients with T2DM (48). Although no such data exists for Aotearoa/New Zealand, 

it is self-evident that NAFLD will be increasing alongside the increase in T2DM prevalence 

(49). Hepatocytes, however, are not the only cell at risk of steatosis, the pancreas, heart as well 

as gut and kidney cells can also become steatotic in T2DM. This steatosis (ectopic fat) induces 

changes in cell metabolism and regulation of gene expression. This includes several fold 

increases of nuclear hormone receptor expression, to substantial decreases in CYP gene 

expression in rat hepatocytes (50). It has also been demonstrated that the expression of Organic 

Anion Transporters (OAT) and the intestinal cholesterol transporter (Niemann Pick C1 like-1; 

NPC1L-1) change when Caco-2 cells and human liver sections are steatotic (51, 52). The effect 

of steatosis on the SLC transporters important for metformin disposition is not known. 

1.5 Free Fatty Acids, PPAR and HNF 

Palmitic acid (PA) and oleic acid (OA) represent the most abundant saturated and 

monounsaturated FFA stored in adipocytes and available in the diet (53). Indeed these account 

for 31% (PA) and 27% (OA) of all of the total plasma FFA (54). Furthermore, the ratio of these 

two FFA are associated with the development of insulin resistance (54).   

The peroxisome proliferator activated receptors (PPAR) are members of the nuclear receptor 

superfamily, and exist as three different subtypes, α, β/δ, and γ. They function as ligand-

dependent, and occasionally ligand-independent, transcription factors for a number of genes 

that regulate adipocyte growth and function,  as well as systemic levels of free fatty acid (FFA) 

and inflammation (55). PPAR are also known to regulate the expression of genes encoding 

OCT3, and MATE1, which are involved in metformin disposition (30). Of the three subtypes, 

PPARγ is the major regulator of lipid homeostasis and adipocyte differentiation (56).  

There are two isoforms of PPARγ (PPARγ1 and PPARγ2) that are translated from the same 

gene. The PPARγ2 isoform has an extra 28 amino acid N-terminal motif and higher 

transcriptional activity compared with PPARγ1. The PPARγ1 isoform is expressed widely in 

most tissues and PPARγ2 principally in adipose tissue (55). However, both isoforms, have FFA 
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as their primary endogenous ligands and preferentially bind Poly-Unsaturated Fatty 

Acids (PUFA), and oleic acid (a monounsaturated FFA) rather than saturated FFA such as 

palmitic acid (54, 57).  

An aggregative database, Harmonizome, indicated functional associations between mRNA 

expression of PPARγ and expression of OCT1, 2 and 3, PMAT and CHT, suggests that PPARγ 

might be a key regulator of these known metformin transporters (58). Additionally, another 

subtype, PPARβ/δ, may have regulatory action on the expression of OCTN2, although this is 

not a well characterised metformin transporter (58). 

The PPARα subtype may also be of interest since increased mRNA expression of OCT2 and 

MATE1 was observed in the kidneys of wild type mice when exposed to metformin, but not in 

PPARα knockout mice. This led to the conclusion that metformin was an agonist of PPARα 

and therefore upregulated OCT2 and MATE1 expression in the proximal tubule (30).  

However, the PPAR family are not the only transcription factors relevant for the regulation of 

expression of the SLC transporters likely important for metformin disposition. Another 

transcription factor of relevance is the Hepatic Nuclear Factor (HNF). This group of 

transcription factors are well characterised regulators of the expression of hepatic genes, 

however various HNF subtypes are expressed extrahepatically and are important for the 

regulation of genes in other tissues. The members of the HNF subtypes relevant to metformin 

and diabetes include HNF-1α, HNF-4α, and HNF-1β. These transcription factors bind to DNA 

as homo- or hetero-dimers to either increase or decrease transcription of their target genes 

respectively (59).   

The HNF family is most commonly associated, in the context of diabetes, with Maturity Onset 

of Diabetes in the Young (MODY), an inherited condition that results in early onset T2DM, 

often before the age of 25 (60). Loss of function variants contribute to the development of the 

different subtypes of MODY. The role of HNF regulation in non-MODY has yet to be 

established, however, several metformin transporter genes are regulated by HNF. 

HNF-4α has been experimentally demonstrated to bind to the promoter region of SLC22A1 and 

regulate the expression of SLC22A1, the gene which encodes OCT1 (61). Functional 

associations between HNF-1α and the expression of mRNA that encodes CHT and OCT1, 

OCT3, SERT, MATE1 and MATE2K, as well the transcription factor (HNF-4α); as well as 
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associations between HNF-4γ expression and mRNA for OCT3 and MATE-1 and MATE2K 

have also been reported (58).   

In a similar manner to the PPAR family (particularly PPARγ) HNF also use FFA as endogenous 

ligands (62). FFA directly bind to HNF and elicit the changes in the SLC gene family 

previously outlined (63). 

1.6 Summary 

Metformin intolerance is a clinically relevant issue and no current hypothesis adequately 

explains the observed interindividual variation in its efficacy or toxicity. Steatosis, as a sequela 

of T2DM associated factors, may be altering the disposition of metformin within the 

enterocyte. The accumulation of FFA within the enterocyte may be directly activating PPAR 

and HNF transcription factors responsible for the regulation of metformin transporters.  

1.7 Hypothesis and aims 

The potential for steatosis-induced, PPAR/HNF mediated, changes in SLC regulation has been 

overlooked in the corpus of work surrounding metformin disposition. More specifically, the 

potential for FFA and metformin to drive the dynamic regulation of the SLC transporters 

relevant for metformin GI intolerance through these transcription factors has not been 

investigated. This thesis hypothesises that elevated FFA (as a T2DM associated factor) drives 

metformin intolerance by regulation of gut wall SLC transporters through these two 

transcription factor subfamilies. High levels of intracellular FFA within steatotic enterocytes, 

may be inducing changes in metformin transporter expression leading to increased intracellular 

accumulation of metformin. This increase in intracellular metformin within enterocytes could 

then contribute to the GI intolerance seen clinically. 

The goal of this thesis was to investigate the effect of steatosis on the disposition of metformin 

using the Caco2 cell line as an in vitro model of enterocytes. 

The aims were to 

1. Determine the ability of oleic and palmitic acid to induce steatosis in Caco2 cells.

2. Determine whether oleic and palmitic acid alter metformin-induced changes in Caco2

cell viability.
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3. Determine whether oleic and palmitic acid alter the facilitated transport and 

intracellular accumulation of metformin in Caco2 cells. 
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2 Methods 

2.1 Cell Culture 

Caco-2 cells were acquired from the European Collection of Cell Cultures and kept in gas phase 

cryogenic storage as 1 mL aliquots at a concentration of 1 x106
 cells/mL in Minimal Essential 

Media-alpha (MEM-α, Gibco, USA) containing 20% foetal bovine serum (FBS, NZ sourced) 

and 10% dimethyl sulphoxide (DMSO, Scharlau, ES). Cells were revived from storage by 

rapidly thawing an aliquot in a 37 °C water bath before immediately transferring into an excess 

of warm media before centrifugation (Heraeus Multifuge X3R, Thermo Scientific, USA) at 

125 g for five minutes to gently sediment the cells. After the supernatant was discarded, 

the cells were resuspended with fresh media. This cell suspension was then used to seed a 

T=75 cm2 culture flask. Cells were then cultured at 37 °C in a humidified incubator 

(Heracell 150i, Thermo Scientific, USA) at 5% CO2. After 24 hours, the media was replaced 

and the cells then grown to 90% confluence before being sub-cultured. Routine sub-

culturing of cells involved the removal of media from the culture flask, followed by washing 

with an excess of phosphate buffered saline (PBS; Gibco, USA). A suitable volume of 1% 

trypsin solution (Gibco, USA) was then added to minimally cover the flask surface area. 

After 5 to 10 minutes media was added at double the volume of trypsin used and the non-

adherent cells were removed from the flask by aspiration. The cells were then gently 

sedimented by centrifugation at 125 g for 5 minutes. The supernatant was discarded, and 

the cells resuspended in media. Once a single cell suspension had been achieved through 

gentle pipetting the cells were counted by trypan blue exclusion (section 2.2) and an 

appropriate number of cells were reseeded into a fresh flask or flasks and returned to the 

incubator. The number of sub-culture passages since cryogenic storage were recorded 

and fresh aliquots were retrieved from cryogenic storage after a maximum of 23 

passages.  
2.2 Trypan Blue Exclusion Assay 

To determine the concentration of cells in routine subculturing a trypan blue (Gibco, USA) 

exclusion assay was performed. Trypan blue, a negatively charged compound, stains only cells 

with compromised membranes i.e., dead cells. Dead cells can, therefore, be excluded from 

counting when using a haemocytometer. A 1:1 ratio of trypan blue and media containing cells 

was pipetted onto a haemocytometer. The haemocytometer was placed under a confocal 
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microscope (Evos XL, Invitrogen, USA) at x10 magnification under phase contrast and the 

cells counted by eye. Live (non-stained) cells within the boundaries of each quadrant of the 

haemocytometer were counted. The average number of cells in all four quadrants was 

multiplied by 20,000 to get the final concentration of cells per mL. 

An automated cell counter (Countess 3 FL, Invitrogen, USA) was also used. A 1:1 ratio of 

trypan blue and media containing cells was pipetted onto a disposable slide. This slide was 

inserted into the cell counter which automatically counted live cells, excluded stained cells, 

and calculated the cells per mL.  

2.3 Optimisation of Cell Viability Detection Using the CCK8 Assay 

The cell counting kit 8 (CCK8) assay (Abcam, USA) which is a colourimetric assay, quantifies 

the number of viable cells based on the reaction of WST-8 dye with cell reductants, i.e. NADH. 

To determine the optimal conditions to detect viable Caco-2 cells a dilution series of cells were 

seeded into 96 well plates (Falcon, USA) at the following density: 0, 100, 500, 1,000, 2,000, 

5,000, 7,000, 9,000, 10,000, 20,000 and 30,000 cells/well (n= 4, replicates per condition). The 

plates were covered with a gas permeable membrane (Diversified Biotech, USA) and cultured 

for either 24, 48 or 72 hours. Then 10 µL of the WST-8 dye solution was added to each well, 

and the absorbance measured at 450 nm every 30 minutes for four hours using a Varioskan 

LUX spectrophotometer (Thermo scientific, USA) at 37 °C. The absorbance data over time 

was plotted and analysed using a nonlinear regression (one phase exponential association) in 

GraphPad Prism v9.  

2.4 Effect of Free Fatty Acid Exposure on Caco-2 Cell Viability 

2.4.1 Palmitic Acid  

To determine the effect of palmitic acid on cell viability, cells were seeded at 10,000 cells/well 

on 96 well plates and cultured for 24 h to adhere. A stock solution (117 mM) of palmitic acid 

(AK Scientific, NZ) was prepared in 100% ethanol. The cells were then exposed to increasing 

concentrations of palmitic acid, initially: 0.1, 0.5, 1, 1.5 and 2 mM, and later by serial dilution 

to 0.01, 0.3, 1, 30, and 100 µM. A vehicle (2% v/v ethanol) control was included. Experiments 

consisted of four technical replicates per treatment. The cells were then cultured for 24, 48, and 

72 h. The viability of cells at these times in each treatment group was then determined using 

the CCK8 assay (section 2.3). The concentration-dependent effect of palmitic acid on cell 



Methods 

14 
 

viability was determined after 90 minutes of WST-8 colour development. The colour 

development phase was performed within the incubator to maintain the temperature (37 °C) 

and CO2 content. To assess which non-linear regression had the best fit a [inhibitor]-response 

three-parameter model was compared to a [inhibitor]-response four-parameter model (variable 

slope) in GraphPad Prism v9. The model with the best fit as determined by Prism was then 

used. 

2.4.2 Oleic Acid  

To determine the effect of oleic acid on cell viability, cells were seeded at 10,000 cells/well on 

96 well plates and cultured for 24 h to adhere. A stock solution (95 mM) of oleic acid (Sigma-

Aldrich, NZ) was prepared in 100% ethanol. The cells were then exposed to increasing 

concentrations of oleic acid (final concentrations: 0.1, 0.5, 1, 1.5, and 2 mM) and a vehicle (2% 

v/v ethanol) was included. Experiments consisted of four technical replicates per treatment. 

The cells were then cultured for 24 and 120 h. The viability of cells at these times in each 

treatment group was then determined using the CCK8 assay (section 2.3). The concentration-

dependent effect of oleic acid on cell viability was determined after 90 minutes of WST-8 

colour development. The colour development phase was performed within the incubator to 

maintain the temperature (37 °C) and CO2 content. To assess which non-linear regression had 

the best fit a [inhibitor]-response three-parameter model was compared to a [inhibitor]-

response four-parameter model (variable slope) in GraphPad Prism v9. The model with the 

best fit as determined by Prism was then used. 

2.5 Assessment of Intracellular Lipid Droplet Accumulation Using Oil Red O 
Staining 

To determine whether treatment of Caco-2 cells with palmitic or oleic acid resulted in lipid 

droplet accumulation (steatosis), oil red O staining was performed. Cells cultured in 96 well 

plates were exposed to either oleic acid (1 mM) or palmitic acid (0.1 mM) or vehicle (2% 

ethanol v/v). In oleic acid experiments, an untreated control was included to determine if the 

vehicle had an effect on intracellular lipid accumulation. After 24, 48 or 72 h of exposure the 

media was then aspirated and the adherent cells washed three times with PBS. Then 200 µL of 

4% paraformaldehyde in PBS (Sigma Aldrich, USA) was added to the wells for 30 minutes at 

room temperature. The paraformaldehyde solution was then removed and 50 µL of oil red O 

solution in isopropanol (Sigma Aldrich, USA) was added to the wells for 15 minutes at room 
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temperature. The cells were then washed three times with distilled water. The cells were then 

observed under water, by light microscopy at x40 objective. Digital images were collected 

using the capture function of the microscope (Evos XL, Invitrogen, USA). Since there was no 

scale bar incorporated in the microscope, the absolute width (µm) of the field of view and 

pixels were used to compute scale bars for the digital images in the image analysis programme 

ImageJ (National Institutes of Health, USA). 

2.5.1 Weka Based Image Segmentation and Colour Analysis in ImageJ.  

To segment images into stained and unstained regions, the ImageJ machine learning plugin 

Trainable Weka Segmentation v3.3.2 (University of Waikato, NZ) was used (64). The settings 

are shown in Figure 1. 

 

Figure 1: The default Weka segmentation settings were found to function correctly for 
this application. 
The machine learning features are shown in the window titled ‘Segmentation settings’. The 
programme interface itself is shown in the window titled ‘Trainable Weka Segmentation 
v3.3.2’. 

Stained and unstained regions in one image were identified by hand and organised into two 

classes, class one for oil red O stained lipids and class two for non-stained regions of the cell. 

An iterative approach was used, each time the programme returned the segmentation, 
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incorrectly identified regions were re-classified until an acceptable level of accuracy had been 

achieved. The final iteration was saved as a classifier and was then applied to the other images. 

The segmented images were then converted to 8-bit greyscale and, using the auto threshold 

feature with the default settings, a black and white image where black represented the cells and 

grey/white the stain, was produced. This process is illustrated in Figure 2. 

 

Figure 2: The colour threshold process used successfully determined the % stained area. 
The auto threshold function was used with the default method with no other settings or 
exclusion criteria. 

 

Using the measure function the total percentage of area was calculated for the grey/white 

regions. The extent of oil red O staining in the image was reported as a % of the total 

microscopic field.  

2.6 Determination of the Concentration-Dependent Effect of Metformin on 
the Viability of Caco-2 Cells in the Absence and Presence of Oleic Acid 

To determine the impact of oleic acid on the cytotoxicity of metformin 96 well plates were 

seeded at 5,000 cells/well, and left to adhere for 24 h, as described previously (section 2.4.2). 

A stock solution (387 mM) of metformin (AK scientific, USA) was prepared in media. A serial 

dilution of metformin was then made in media (150 mM, 50 mM, 16.6 mM, 5.5 mM, 1.8 mM, 

0.6 mM, 0.2 and 0.06 mM). An additional 180 mM dilution was also included. These cells 

were then exposed to either 1 mM oleic acid (treatment group), vehicle control (2% ethanol 

v/v) or untreated control (media only). The cells were then cultured for 24, 48, and 72 h and 

the viability of cells determined using the CCK8 assay (section 2.3). The concentration-
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dependent effect of metformin on cell viability in the absence or presence of oleic acid was 

determined after 90 minutes of WST-8 colour development. The colour development phase 

was performed within the incubator to maintain the temperature (37 °C) and CO2 content. N=4 

experiments were performed, and each experiment consisted of two technical replicates per 

condition.  

The replicates were pooled together from N=4 experiments and the data were assessed to 

determine the concentration-dependent effect of metformin on cell viability in the absence or 

presence of oleic acid. To assess which non-linear regression had the best fit a [inhibitor]-

response three-parameter model was compared to a [inhibitor]-response four-parameter model 

(variable slope) in GraphPad Prism v9. The model with the best fit as determined by Prism was 

then used to determine the metformin concentration that gave 50% effect (IC50). The 

absorbance value data are presented as a percentage of normalised values relative to untreated 

(0 mM metformin) controls. 

The goodness of curve fit was used to determine if there was statistical difference between 

treatment conditions. An Extra Sum of Squares F test was conducted in GraphPad Prism v9 

between two assumptions of the nonlinear regression (IC50 is identical between groups versus 

IC50 is different between groups). Curve fits that generated statistically significant results 

indicated the vehicle or oleic acid altered the cytotoxicity of metformin. Results were 

considered statistically significant if P < 0.05.  

2.6.1 Optimisation of Cell Viability Detection Using the Live/Dead Assay  

To further assess the effect of oleic acid treatment on metformin-induced changes in cell 

viability the Live/Dead assay (Invitrogen, USA) was used. This assay uses two fluorescent 

dyes, Calcein-AM which is trapped in live cells following cleavage by esterases and Ethidium 

Homodimer-1which stains DNA. 

To optimise the Live/Dead assay for use in Caco-2 cells, a concentration series of 0, 0.2, 0.4, 

0.6, 0.8, 1, 2, 4, 6, 8, 10 μM Calcein-AM and Ethidium Homodimer-1 solutions were prepared 

in warm PBS as per manufacturer’s instructions. Caco-2 cells were seeded onto 96 well plates 

at 5,000 cells per well and cultured for 24, 48 and 72 hours. To kill cells, half the plate was 

then exposed to ice cold 70% methanol in PBS for at least 30 minutes. To ensure live cells 

retained their viability, the plate was returned to the incubator during these 30 minutes. The 

methanol or media was then removed by aspiration and all wells washed with warm PBS. Live 
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cells were then exposed to Calcein-AM, and dead cells exposed to both Calcein-AM and 

Ethidium Homodimer-1. The plate was then read in a fluorescence spectrophotometer 

(Varioskan LUX, Thermo scientific, USA) at excitation/emission wavelengths of 494/516 nm 

for Calcein-AM and 528/616 nm for Ethidium Homodimer-1, with readings collected every 10 

minutes for one hour at 37 °C. N=1 experiments were performed consisting of four replicates 

per condition. These data were used to determine both the optimum concentration of each dye 

that produced fluorescence above baseline and the optimum dye development time. 

2.6.2 Assessment of the Effect of Oleic Acid on the Metformin Concentration-
Dependent Effect in Caco-2 Cells Using the Live/Dead Assay. 

To further investigate the effect of 1 mM oleic acid on the cytotoxicity of metformin 96 well 

plates were seeded at a density of 5,000 cells/well and left to adhere for 24 h. The media was 

then aspirated and replaced with a serial dilution of metformin (180 mM, 150 mM, 50 mM, 

16.6 mM, 5.5 mM, 1.8 mM, 0.6 mM, 0.2 and 0.06 mM) as described above (section 2.6). The 

effect of either 1 mM oleic acid (treatment group), vehicle control (2% ethanol v/v) or untreated 

control (media only) using the Live/Dead assay was then determined following 24, 48, and 72 

h culture. After this time the media was aspirated and the cells washed with PBS prior to the 

addition of 6 μM of Calcein-AM and Ethidium Homodimer-1 solution. The plates were then 

incubated for 40 minutes at 37 °C and the fluorescence determined as described above (2.6.1).  

N=4 experiments were performed, consisting of two technical replicates per condition.  

The replicates were pooled together from N=4 experiments and the data were assessed to 

determine the concentration-dependent effect of metformin on cell viability in the absence or 

presence of oleic acid. To assess which non-linear regression had the best fit a [inhibitor]-

response three-parameter model was compared to a [inhibitor]-response four-parameter model 

(variable slope) in GraphPad Prism v9. The model with the best fit as determined by Prism was 

then used to determine the metformin concentration that gave 50% effect (IC50). The 

fluorescence value data are presented as a percentage of normalised values relative to untreated 

(0 mM metformin) controls. 

The goodness of curve fit was used to determine if there was statistical difference between 

treatment conditions. An Extra Sum of Squares F test was conducted in GraphPad Prism v9 

between two assumptions of the nonlinear regression (IC50 is identical between groups versus 

IC50 is different between groups). Curve fits that were statistically significant indicated the 
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vehicle or oleic acid altered the cytotoxicity of metformin. Results were considered statistically 

significant if P < 0.05.  

 

2.7 Optimisation of the Conditions for Detection of Radiolabelled Metformin 
Uptake in Caco-2 Cells 

To determine the optimal well size, and therefore cell density, for detecting changes in 

radiolabelled metformin uptake in Caco-2 cells, several sizes and types of cell culture plates 

were trialled. Uptake, wash, and pre-incubation buffer was made up in dH2O to a final 

concentration of; 140 nM NaCl, 5 mM KCl, 0.4 mM KH2PO4, 0.8 mM MgSO4, 1 mM CaCl2, 

glucose 25 mM and 10 mM HEPES. This buffer was balanced by the addition of 0.5 mM NaOH 

and 0.5 mM HCl as required to a final pH of 7.4 before being filtered through a 0.22 µm filter 

and refrigerated (4 °C) until required. A stock solution of 100 mM metformin in uptake buffer 

was prepared, and a working solution of 0.5 mM metformin in uptake buffer was prepared from 

this stock. Next, tritiated metformin (American Radiolabelled Chemicals, USA) with a specific 

activity of 27 mCi/mmol was added to the working solution at a ratio of 0.55 µL (3H)metformin 

per 1 mL of metformin. The total volume of (3H)metformin added during these experiments 

was too small to meaningfully alter the final concentration of the working solution. The 

radiolabelled metformin was supplied by the manufacture dissolved in a 50:50 v/v mixture 

dH2O:DMSO. The concentration of DMSO in these experiments was <<1%. 

Cell culture plates of 24 and 48 wells, and 6.5 mm transwell inserts (Costar, USA) were seeded 

at a density of 60,000 cells/cm2 and given 24 h to adhere. The plates were then transported to 

a heating block to maintain their temperature (37 °C) and the media aspirated off. The cells 

were pre-incubated for at least 5 minutes with warm transport buffer. This buffer was then 

aspirated from the t=0 (0 minutes) wells before the radiolabelled working solution was added 

and immediately aspirated. Each well was then washed 3 times with an excess of ice cold 

transport buffer. 

For the t=5 (5 minutes) wells, the cells were incubated with the radiolabelled metformin 

working solution for 5 minutes before it was aspirated. Each well was then washed 3 times 

with an excess of ice cold buffer. Background dpm was identified by incubating cells with 

transport buffer for at least 5 minutes before lysing and analysing. Cells were lysed and 0.5 mL 

of lysate was added to 5 mL scintillation fluid (Optiphase supermix, Perkin Elmer, USA) in a 
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plastic scintillation vial. The lysis buffer, wash/transport buffer and 3H metformin were also 

analysed by scintillation counter (Tri-Carb 4910 TR, Perkin Elmer, USA) to exclude the 

possibility of radioactive contamination of the wash or lysis buffers and to confirm the addition 

of the radiolabelled drug to the working solution. The scintillation vials were then analysed by 

scintillation counting, for 10 minutes per replicate. N=1 experiments were performed 

consisting of two technical replicates per well size and time. These data were then used to 

determine the sensitivity of each well size to detect changes in intracellular metformin 

accumulation. 

2.7.1 Radiolabelled Metformin Uptake in 48 Well Plates. 

A 48 well plate was seeded at a density of 70,000 cells/cm2 and the cells were given 24 h to 

adhere. After this period the culture media was aspirated off and the cells pre-incubated with 

warmed (37 °C) transport buffer for at least 5 minutes. In non background wells, this buffer 

was aspirated off and warm 0.5 mM radiolabelled metformin working solution was added for 

between 0 and 45 minutes. Each well was then washed with an excess of ice-cold buffer three 

times. Cells were lysed and 0.5 mL of lysate was added to 5 mL scintillation fluid in a plastic 

scintillation vial and analysed by scintillation counting for 10 minutes per replicate. The 

background dpm was identified by incubating cells with transport buffer for at least 5 minutes 

before lysing and analysing. The lysis buffer, wash/transport buffer and 3H metformin were 

also analysed by scintillation counting to exclude the possibility of radioactive contamination 

of the wash or lysis buffers and to confirm the addition of the radiolabelled drug to the working 

solution. N=1 experiments were performed, consisting of four technical replicates per time 

point. The background dpm was subtracted from the treatment wells and using the specific 

activity of the radiolabelled metformin, the metformin concentration (mmol) in each well after 

the experiments was calculated (Equation 1). For clarity, the mmol/0.5 mL was converted to 

nmol/0.5 mL prior to graphing. The progress curve was plotted in GraphPad Prism v9 using a 

nonlinear regression (one phase exponential association model). 

2.7.2 Radiolabelled Metformin Uptake in 24 well plates 

The protocol for determining the suitability of 24 well plates for investigating metformin 

kinetics was almost identical to that of the 48 well plates (section 2.7.1). Four 24 well plates 

were seeded at 70,000 s/cm2 and given 24 hours to adhere. The media was refreshed and the 

plates incubated for a further 72 h after which the culture media was aspirated and two plates 
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were kept on a warming plate and pre-incubated with warmed (37 0 C) transport buffer and the 

other two plates kept on ice and pre-incubated with cold (4 0C) transport buffer. At both 

temperatures the cells were exposed to preincubation buffer for at least 5 minutes. In non 

background wells, this buffer was aspirated off and warm 0.5 mM radiolabelled metformin 

solution added to the warm plates for between 0 and 45 minutes. Likewise, cold metformin 

solution was added to the cold plate for between 0 and 45 minutes. Each well was then washed 

with an excess of ice-cold buffer three times. Cells were then lysed and 0.5 mL of lysate was 

added to 5 mL of scintillation fluid before being analysed by scintillation counting for 10 

minutes per replicate. The lysis buffer, wash/transport buffer and 3H metformin were also 

analysed by scintillation counting to exclude the possibility of radioactive contamination of the 

wash or lysis buffers and to confirm the addition of the radiolabelled drug to the incubation 

solution. N=1 experiments were performed, consisting of four technical replicates per time 

point and temperature. The background dpm was subtracted from the treatment wells and using 

the specific activity of the radiolabelled metformin, the metformin concentration (mmol) in 

each well after the experiments was calculated (Equation 1). For clarity, the mmol/0.5 mL was 

converted to nmol/0.5 mL prior to graphing. The progress curve was plotted in GraphPad Prism 

v9 using a nonlinear regression (one phase exponential association model). 

 

2.8 Radiolabelled Metformin Uptake Kinetics  

Four 24 well plates were seeded at a density of 70,000 cells/cm2 and the cells were given 24 h 

to adhere. After this period the culture media was aspirated off and replaced either with fresh 

media, vehicle control (2% v/v ethanol) or media with oleic acid at a concentration of 1 mM 

and the plates returned to the incubator for 72 h. The radiolabelled drug uptake experiment 

after this culture period was performed as described previously (section 2.7.2) but with an 

additional 90 minute incubation for both temperatures. N=3 independent experiments were 

performed for each treatment condition (untreated, vehicle control and oleic acid) consisting 

of four technical replicates per time point and temperature. Using the specific activity of the 

radiolabelled metformin, the metformin concentration (mmol) in each well after the 

experiments was calculated (Equation 1). For clarity, the mmol/0.5 mL was converted to 

nmol/0.5 mL prior to graphing. 
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Replicates were pooled together by treatment condition and temperature and the individual 

replicate nmol/0.5 m values for each time point plotted in GraphPad Prism v9. Progress curves 

were generated by nonlinear regression (one phase exponential association model) for each of 

the conditions and temperatures to determine the effect of oleic acid treatment on the 

accumulation of radiolabelled metformin.  

To determine the amount of active metformin transport, mean dpm at 37 °C and 4 °C were 

subtracted from each other. This was repeated for all treatment conditions.  

 

Equation 1: Concentration of metformin (mmol per 0.5 mL lysate) 
Where x is the volume of drug solution (i.e. 0.2 mL) and y is the dilution of the hot fraction by 
the cold as a percentage (i.e. 99.55 % cold metformin, 0.55% (3H)metformin), and z is the 
number of 3H dpm. The final term is the specific activity of the (3H)metformin (27 mCi/mmol). 
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For Figure 30, the percentage of metformin accumulated within the cell as a fraction of the 

total available drug (0.5 mM) was calculated and plotted. Statistical differences between these 

percentages were calculated by one way ANOVA and a post hoc Dunnett’s test in GraphPad 

Prism v9. Differences were considered statistically significant if P < 0.05. 
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3 Results 

3.1 Optimisation of Conditions for Detection of Cell Viability Using the 
CCK8 Assay 

To assess suitable growth conditions for Caco-2 cells the commercially available CCK8 assay 

was used. This assay uses the NAD(P)H catalysed reduction of WST-8 dye to form a coloured 

product detected at 450 nm to quantify viable cells.  

The initial studies assessed suitable seeding densities (100-30,000 cells per well) in a 96 well 

format over a 24, 48 and 72 h growth period. Following the addition of WST-8 dye, suitable 

time-periods for the development of colour at 450 nm over a 4 h period were also assessed.  

From this initial pilot experiment (Figure 3), it can be seen that increasing seeding density leads 

to an increase in the extent of WST-8 colour development assessed after 24, 48 or 72 h. In the 

absence of cells (media only) there was a small but detectable increase in WST-8 colour 

development over time. For example, the absorbance of media control was 0.148 ± 0.005 AU 

at time zero and increased to 0.332 ± 0.012 AU by four hours of colour development (Figure 

3A). This background absorbance was then accounted for by subtraction in all further data 

analysis. A 90-minute colour development period for suitable detection of the WST-8 dye was 

selected for all further experiments. 
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Figure 3: The effect of seeding density on linearity of colour development over time (0-
240 min) following cell growth at 24, 48, and 72 h.  
96 well plates were seeded between 100 – 30,000 cells per well and incubated for 24 (A), 48 
(B), or 72 (C) h. Cell passage number 7. 10 µL of WST-8 dye was then added, and the plates 
read every 30 minutes for four hours at 37 °C. Data from N=1 experiment, comprising N = 4 
technical replicates at each timepoint. Data are shown as mean ± SD. Curve fitted by nonlinear 
regression (one phase exponential association) in GraphPad Prism v9. SD bars may be smaller 
than the symbols. 

A seeding density of 10,000 cells per well was then chosen (Table 1) as this was the highest 

concentration of cells that did not reach a plateau phase in colour development in a 72 hour 

culture period. 

Table 1: The characteristics of detection of viable Caco-2 cells following culture at an 
initial seeding density of 10,000 cells/well.  
Viable cells were detected using the WST-8 method in the commercial CCK8 assay. 
Absorbance (#minus background) was detected at 450 nm following 90 minutes of colour 
development. Data are shown as mean ± SD of N= 4 technical replicates. 

Culture period #Absorbance (450 nm) 
Mean ± SD (N=4) 

24 h 0.245 ± 0.051 
48 h 0.172 ± 0.015 
72 h 0.223 ± 0.005 

3.2 Palmitic Acid 

3.2.1 Effect of Palmitic Acid on Caco-2 Cell Viability 

The effect of increasing concentrations of palmitic acid (0.1 – 2 mM) on Caco-2 cell viability 

after 24, 48, and 72 h culture was determined. Concentrations of palmitic acid greater than 0.5 

mM were poorly soluble and over time formed a layer at the bottom of the well. Immediately 

prior to the addition of the WST-8 dye, the cells were replenished with fresh media. The 

viability of cells (WST-8 absorbance values) over the culture period (24-72 h) are shown in 

Figure 4.  

Compared with untreated cells, cells treated with palmitic acid at concentrations greater than 

0.5 mM had an elevated background absorbance at time zero of colour development (Figure 4 

A-C). The absorbance data were then normalised to the relevant time = zero-minute colour

development absorbance value and are shown in Figure 4 D-F.
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Figure 4: The effect of palmitic acid (0.1- 2 mM) on colour development in Caco-2 cells 
after 24, 48, and 72 h exposure.  
Cells were seeded at 10,000 cells per well on 96 well plates before being left to adhere for 24 
h. Cell passage number 21. Cells were then exposed to either vehicle control (2% ethanol v/v) 
or between 0.1 – 2 mM palmitic acid for 24 (A and D), 48 (B and E), or 72 h (C and F). The 
media was replaced with fresh, palmitic acid free media and 10 µL of WST-8 was then added. 
The plates were read every 30 minutes for four hours at 37 °C. Data from N=1 experiment, 
comprising N = 4 technical replicates at each timepoint. Data are shown as mean ± SD. D, E 
and F represent data normalised to t = 0. Curve fitted by non-linear regression (one phase 
exponential association) in GraphPad Prism v9. SD bars may be smaller than the symbols. 

 

The normalised data indicate WST-8 colour development was decreased by concentrations of 

palmitic acid greater than 0.1 mM. 

Using this normalised absorbance data at 90 minutes of colour development, the concentration 

effect of palmitic acid on Caco-2 cell viability was then determined (Figure 5). Increasing 

concentrations of palmitic acid decreased the viability of Caco-2 cells in comparison to 

untreated control (0 mM palmitic acid), (Figure 5). This effect was most striking after 24 hours 

in culture, with a concentration-dependent reduction in viability to 22.4 ± 8.0 % of control in 

the 2 mM palmitic acid treatment group (IC50: 0.80 mM, 95% CI 0.60 to 1.05 mM). In contrast, 

after either 48h or 72 h of culture cell viability was less affected by palmitic acid. The minimum 

viability observed at 48 h and 72 h respectively was 57.8 ± 7.6% and 54.2 ± 12.1% at 1.5 mM 

palmitic acid treatment. The calculated IC50 of palmitic acid after 48 h culture was IC50: 2.5 

mM, 95% CI 1.74 to 3.61 and after 72 h culture was IC50: 2.77 mM, 95% CI 2.12 to 3.72). 
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Figure 5: Palmitic acid (0.1 – 2 mM) negatively impacted Caco-2 cell viability after 24, 
48, or 72 hours of exposure.  
Cells were seeded at 10,000 cells per well on 96 well plates before being left to adhere for 24 
h. Cell passage number 21. Cells were then exposed to either vehicle control or between 0.1 – 
2 mM palmitic acid for 24 (A), 48 (B), or 72 h (C). The media was then replaced, and 10 µL 
of WST-8 was added. The plates were read after 90 minutes of colour development at 37 °C. 
Data from N=1 experiment, comprising N = 4 technical replicates at each timepoint. Data are 
shown as mean ± SD. Curve fitted by nonlinear regression ([Inhibitor] vs. normalised response 
model) using GraphPad Prism v9. Confidence bands (95%) are indicated by the dotted lines. 
SD bars may be smaller than the symbols. 

 

To determine the effects of palmitic acid on cell monolayer morphology light microscopy 

images were assessed. The effect of 2 mM palmitic acid following 48 h of exposure is shown 

(Figure 6). Palmitic acid at concentrations of 2 mM disrupted the Caco-2 monolayer when 

compared with the vehicle control (Figure 6 A & B). Higher magnifications (x40) show no 

changes in the morphology of cells exposed to vehicle (Figure 6 C) whilst those exposed to 2 

mM palmitic acid showed the presence of lipid droplets, loss of confluence, and the 

accumulation of palmitic acid crystals on the bottom of the well (Figure 6 D). Attempts to stain 

the cells with oil red O in this experiment were unsuccessful. Cells treated with palmitic acid 

had lost adherence, causing the monolayer to wash off leaving only trace cells behind. 
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Figure 6: The Caco-2 cell monolayer is altered following exposure to 2 mM palmitic acid.  
Cells were seeded at 10,000 cells per well on 96 well plates before being left to adhere for 24 
h. Cell passage number 21. Cells were then exposed to either vehicle control (A & C) or 2 mM 
(B & D) palmitic acid for 48 h. The treatment media was replaced with fresh media before 
microscopy and spectrophotometry. Cells imaged at 4x (A & B) and 40x (C & D) 
magnification. Compound images were made in Adobe Photoshop v.22 

 

A lower concentration range of palmitic acid was then assessed (0.01 – 100 µM). These data 

show that 0.01 – 100 μM palmitic acid had no effect on colour development (Figure 7) or cell 

viability (Figure 8). 
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Figure 7: The effect of palmitic acid (0.01 – 100 μM) on WST 8 colour development in 
Caco-2 cells after 24, 48, or 72 h exposure.  
Cells were seeded at 10,000 cells per well on 96 well plates before being left to adhere for 24 
h. Cell passage number 23. Cells were then exposed to either vehicle control or between 0.01 
to 100 μM palmitic acid for a further 24 (A), 48 (B), or 72 h (C). The media was then replaced 
with fresh, palmitic acid free media before 10 µL of WST-8 was added and the plates read 
every 30 min for 4 h at 37 °C. Data from N=1 experiment, comprising N = 4 technical replicates 
at each timepoint. Data are shown as mean ± SD. Curve fitted by nonlinear regression (one 
phase exponential association model) in GraphPad Prism v9. SD error bars may be smaller than 
the symbols. 



Results 

33 



Results 

34 

Figure 8: Palmitic acid (0.01 - 100 µM) did not negatively impact cell viability after 24, 
48, or 72 h exposure.  
Cells were seeded at 10,000 cells per well on 96 well plates before being left to adhere for 24 
h. Cell passage number 23. Cells were then exposed to either vehicle control or between 0.01
– 100 μM palmitic acid for a further 24 (A), 48 (B), or 72 h (C). The media was then replaced
with fresh, palmitic acid free media before 10 µL of WST-8 was added and the plate read at 90
minutes of colour development at 37 °C. Data from N=1 experiment, comprising N = 4
technical replicates at each timepoint. Data are shown as mean ± SD. Curve fitted by nonlinear
regression ([Inhibitor] vs. normalised response model) in GraphPad Prism v9. Confidence
bands (95%) are shown as dotted lines. SD bars may be smaller than the symbols.

3.2.2 The Effect of Palmitic Acid (100 μM) on Lipid Accumulation in Caco-2 Cells. 

To determine the effect of palmitic acid on lipid accumulation, Caco-2 cells were treated with 

100 μM palmitic acid for 24, 48 and 72 h. Cells were then fixed and stained with oil red O to 

examine the extent of lipid inclusion and are shown in Figure 9. After 24, 48, and 72 h exposure, 

oil red O staining could not show any discernible difference between the vehicle control and 

palmitic acid treated cells (Figure 9). Furthermore, no disruption to the cell monolayer was 

observed at this concentration of palmitic acid. 

Cells exposed to 100 μM palmitic acid did not have an issue with adhering to the plate and the 

monolayers survived the staining process without major disruption.  
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Figure 9: There was no discernible difference in oil red O staining between vehicle control 
and 100 µM palmitic acid.  
96 well plates were seeded with 10,000 cells per well and given 24 h to adhere. Cell passage 
number 23. The media was then replaced, and the cells exposed to 100 µM palmitic acid or 
vehicle control (2% ethanol v/v). After 24, 48, or 72 h of exposure the treatment media was 
aspirated off and the cells were washed twice in x1 phosphate buffered saline. Cells were then 
fixed in 4% paraformaldehyde for 30 min before washing once with x1 phosphate buffered 
saline. Oil red O dye was then added, and after 15 minutes of incubation, the cells were washed 
twice more with dH2O. Images A, C, and E are vehicle control at 24, 48, and 72 h of exposure 
respectively. Images B, D, and F are 100 µM palmitic acid at 24, 48 and 72 h respectively. 
Photographed at x40 objective. Compound images were made in Adobe Photoshop v22. Scale 
bars represent 100 µm. 



Results 

36 
 

Trainable Weka Segmentation and image analysis found the total percentage of area of oil red 

O stain in Figure 9: E and F was 18.93% (vehicle) and 16.2% (100 µM palmitic acid) 

respectively. This indicated there was no major difference between lipid droplet accumulation 

between vehicle control and 100 µM palmitic acid treated cells after 72 h of exposure. 
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3.3 Oleic Acid 

3.3.1 The Effect of Oleic Acid on Caco-2 Cell Viability. 

The effect of oleic acid on the viability of Caco-2 cells was determined by seeding 96 well 

plates with 10,000 cells per well before exposing them to concentrations up to 2 mM oleic acid. 

Treatment of Caco-2 cells with increasing concentrations of oleic acid (0.1- 2 mM) for 24 h or 

120 h had no effect on the rate of colour development compared to the vehicle control (2% 

ethanol) over these time periods (Figure 10). 
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Figure 10: The effect of increasing concentrations of oleic acid on rate of colour 
development in Caco-2 cells exposed for either 24 or 120 h.  
Cells were seeded at 10,000 cells per well on 96 well plates before being left to adhere for 24 
h. Cell passage number 7. Cells were then exposed to either vehicle control (2% ethanol v/v) 
or 0.1 – 2 mM oleic acid for 24 (A) or 120 h (B). 10 µL of WST-8 was then added, and the 
plates read every 30 minutes for four hours at 37 °C. Data from N=1 experiment, comprising 
N = 4 technical replicates at each timepoint. Data are shown as mean ± SD. Curve was fitted 
by nonlinear regression (one phase association model) in GraphPad Prism v9. SD bars may be 
smaller than the symbols. 

 

A colour development time of 90 minutes was chosen and the effect of increasing 

concentrations of oleic acid on cell viability was then determined and is shown in Figure 11.  
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Figure 11: The concentration-dependent effect of oleic acid in Caco-2 cells indicates that 
0.1 - 2 mM oleic acid does not impact cell viability after 24 or 120 h of exposure. 
Cells were seeded at 10,000 cells per well on 96 well plates before being left to adhere for 24 
h. Cell passage number 7. Cells were then exposed to either vehicle control (2% ethanol v/v) 
or 0.1 – 2 mM oleic acid for 24 or 120 h. 10 µL WST-8 was then added and the plates read at 
90 minutes. Data from N=1 experiment, comprising N = 4 technical replicates at each 
timepoint. Data are shown as mean ± SD. Curve fitted by non-linear regression ([Inhibitor] vs. 
normalised response model). Confidence bands (95%) are shown as dotted lines. SD bars may 
be smaller than the symbols. 
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Compared with vehicle control, increasing concentrations of oleic acid (0.1 to 2 mM) following 

either 24 h exposure or 120 h exposure had no effect on the growth of viable Caco-2 cells, as 

determined by absorbance measured at 90 min of colour development (Figure 11). After 120 h 

of exposure, however, oleic acid exposed cells had higher mean absorbances than vehicle 

control. From these data it was concluded that a concentration of 1 mM oleic acid could be 

used without negatively impacting Caco-2 viability.  

3.3.2 Effect of Oleic Acid (1 mM) on Lipid Accumulation in Caco-2 Cells. 

To determine the steatogenic potential of 1 mM oleic acid in Caco-2 cells, 96 well plates were 

seeded with 5,000 cells per well, given 24 h to adhere, and then exposed to 1 mM oleic acid or 

vehicle control (2% v/v ethanol) for 24, 48, or 72 h. To examine the steatogenic potential of the 

vehicle an untreated control was also included. At the end of this period cells were stained 

using oil red O and photographed under light microscopy at medium magnification (x40 

objective). Oil red O staining was used to determine the amount of lipid accumulation within 

the cells (Figure 12). 
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Figure 12: A greater amount of lipid droplet formation was detectable by oil red O 
staining in cells exposed to 1 mM oleic acid than in cells exposed to vehicle or the 
untreated control.  
Cells were seeded on 96 well plates at a density of 5,000 cells per well and given 24 hours to 
adhere. Cell passage number 6. A, D, and G were cells left untreated for 24, 48, and 72 h 
respectively before oil red O staining. B, E, and H were vehicle control cells exposed to 2% 
ethanol v/v for 24, 48, and 72 h respectively. C, F, and I were cells exposed to 1 mM oleic acid 
for 24, 48, and 72 h respectively. Treatment media was aspirated off and the cells were washed 
twice in x1 phosphate buffered saline. Cells were then fixed in 4% paraformaldehyde for 30 
min before washing once with x1 phosphate buffered saline. Oil red O dye was then added, 
and after 15 minutes of incubation, the cells were washed twice more with dH2O. Cells were 
photographed at x40 objective. Compound images were made in Adobe Photoshop v22. Scale 
bars represent 100 µm. 

 

Cells exposed to 1 mM oleic acid had visible lipid droplets within their cytosolic space after 

oil red O staining at all time points. No discernible difference was found in oil red O staining 

between vehicle control and untreated cells. From these data it was concluded that the vehicle 

did not contribute to the steatosis observed and a concentration of 1 mM oleic acid could induce 

steatosis in Caco-2 cells and this concentration was then chosen for future experiments. 

However, in the cells treated with oleic acid, following staining with oil red O, there appeared 

to be fewer cells within the microscopic field. This led to an apparent difference in image 

brightness between untreated, vehicle control, and oleic acid as seen in Figure 12. 

To determine if the technique of oil red O staining may be dislodging the cells treated with 

oleic acid, images of the cells prior to washing and fixing were then investigated. These are 

shown in Figure 13. 
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Figure 13: The oil red O staining procedure may be dislodging cells.  
Cells were seeded on 96 well plates at a density of 5,000 cells per well and given 24 hours to 
adhere. Cell passage number 6. A, B, and C are cells before oil red O staining. D, E and F are 
cells post oil red O staining. A and D are untreated cells after 24 h. B and E are vehicle control 
(2% ethanol v/v), C and F are cells exposed to oleic acid (1 mM) for 24 h. Treatment media 
was aspirated off and the cells were washed twice in x1 phosphate buffered saline. Cells were 
then fixed in 4% paraformaldehyde for 30 min before washing once with x1 phosphate buffered 
saline. Oil red O dye was then added, and after 15 minutes of incubation, the cells were washed 
twice more with dH2O. Photographed at x4 objective. Compound images were made in Adobe 
Photoshop v22. Scale bars represent 1,000 µm. 

 

Increased loss of those cells exposed to oleic acid was observed before (Figure 13 E) and after 

(Figure 13 F) oil red O staining in comparison to untreated (Figure 13 A versus D) or vehicle 

control (Figure 13 B versus E) cells. This suggests that oleic acid treatment alters the ability of 

cells to remain adhered to the plate during the oil red O staining procedure. Due to the loss of 

cells from the microscopic field the segmentation and image analysis as performed in section 

3.2.2 was considered inappropriate, as it would not produce an accurate semi-quantitative 

analysis of the extent of staining for the images presented in Figure 12. 

Cells exposed to oleic acid (Figure 13 C), however, appeared to have a dark red-brown colour 

when compared to the vehicle control (Figure 13 B).  
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In summary, oleic acid did not interfere with WST-8 colour development. Oleic acid up to 2 

mM did not influence cell viability for up to 120 h of exposure. Oleic acid (1 mM) resulted in 

obvious lipid accumulation in cells, however, this concentration of oleic acid appeared to 

influence the adherence of cells to the plate during the staining procedure. 

3.4 The Concentration-Dependent Effect of Metformin on Caco-2 Cells with 
or without Exposure to 1 mM Oleic Acid. 

3.4.1 Monolayer Morphology and Seeding Density 

Preliminary concentration-effect experiments were undertaken at 10,000 cells per well but 

concerns about detecting non-proliferating cells once they had reached confluence led to the 

use of seeding densities of 5,000 cells per well. Seeding densities of 10,000 cells per well did 

not offer any advantage in detectability (absorbance of WST-8) when compared to 5,000 cells 

per well.  

Images of the cells were taken after they had been exposed to metformin, oleic acid, vehicle 

control, or left untreated for 24, 48 and 72 h. After these images were taken the WST-8 dye 

was then used to assess cell viability. Cells after 24 h of exposure are shown in  Figure 14.
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Figure 14: Metformin concentrations ≥5.5 mM visibly altered the number of cells after 
24 h of exposure independent of experimental conditions.  
Cells were seeded on 96 well plates at a density of 5,000 cells per well and given 24 hours to 
adhere. Cell passage number 8. Cells were then either left untreated (top row) or exposed to 
either vehicle control (middle row) (2% ethanol v/v) or 1 mM oleic acid (bottom row) for a 
further 24 h. Cells were exposed to between 0.02 – 180 mM metformin in all conditions (5.5 – 
180 mM shown). Cells were then photographed at x4 objective. Compound images were made 
in Adobe Photoshop v22. Scale bar represents 1,000 µm. 

 

At a seeding density of 5,000 cells per well, confluent monolayers had not formed by 48 h of 

culture, independent of the presence of vehicle or 1 mM oleic acid. 

In cells exposed to metformin, neither oleic acid (1 mM) nor vehicle, appeared to have an 

impact on the cytotoxicity of metformin after 24 h exposure when compared with untreated 

cells. 

At metformin concentrations less than 5.5 mM no visual change in the numbers of cells could 

be observed when compared to zero metformin control. This was true for all three treatment 

conditions. At concentrations ≥5.5 mM metformin, Caco-2 cells declined in a concentration-

dependent manner (Figure 14).  At higher magnification (not shown) cells exposed to 150 and 

180 mM metformin appear thin and distorted when compared to the regular shape of zero 

metformin control cells.  

Cells treated with oleic acid took on a darker brown colour when compared to untreated and 

vehicle control. This was consistent with what was observed in section 3.3.2.  

After 48 h of exposure to metformin with or without oleic acid photomicrograph images of 

cells were produced and are shown in Figure 15. 
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Figure 15: Metformin concentrations ≥5.5 mM visibly altered the number of cells after 
48 h of exposure independent of experimental conditions.  
Cells were seeded on 96 well plates at a density of 5,000 cells per well and given 24 hours to 
adhere. Cell passage number 8. Cells were then left untreated (top row) or exposed to either 
vehicle control (middle row) (2% ethanol v/v) or 1 mM oleic acid (bottom row) for a further 
48 h. Cells were exposed to between 0.02 – 180 mM metformin in all conditions (5.5 – 180 
mM shown). Cells were then photographed at x4 objective. Compound images were made in 
Adobe Photoshop v22 Scale bar represents 1,000 µm. 

 

At a seeding density of 5,000 cells per well, confluent monolayers had not formed by 72 h of 

culture, independent of the presence of vehicle or 1 mM oleic acid (Figure 15). 

In cells exposed to metformin, neither oleic acid (1 mM) nor vehicle appeared to have an impact 

on cell morphology after 48 h exposure when compared with untreated cells (Figure 15). 

As observed previously after 24 h culture (Figure 14), metformin ≥5.5 mM induced a 

concentration-dependent loss of cells after 48 h of exposure independent of the other 

experimental conditions.  

After 72 h of exposure to metformin with or without oleic acid photomicrograph images of 

cells were also produced and are shown in Figure 16.
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Figure 16: Metformin concentrations ≥5.5 mM visibly altered the number of cells after 
72 h of exposure independent of experimental conditions.  
Cells were seeded on 96 well plates at a density of 5,000 cells per well and given 24 hours to 
adhere. Cell passage number 8. Cells were then left untreated (top row) or exposed to either 
vehicle control (middle row) (2% ethanol v/v) or 1 mM oleic acid (bottom row) for a further 
72 h. Cells were exposed to between 0.02 – 180 mM metformin in all conditions (5.5 – 180 
mM shown). Cells were then photographed at x4 objective. Compound images were made in 
Adobe Photoshop v22. Scale bar represents 1,000 µm. 
 

At a seeding density of 5,000 cells per well, confluent monolayers had not formed in vehicle 

or oleic acid treated cells by 96 h culture (Figure 16). The confluence of untreated cells appears 

100% but this observation is complicated by the low contrast of the cells against the well. It 

cannot, therefore, be said for certain that 100% confluency occurs at this seeding density after 

96 h of culture in this image. 

In cells exposed to metformin, neither oleic acid (1 mM) nor vehicle appeared to have an impact 

on cell morphology after 72 h exposure when compared to untreated cells (Figure 16). 

As previously observed after 24 and 48 h of culture, metformin ≥5.5 mM induced a 

concentration-dependent loss of cells after 72 h of exposure, independent of the other 

experimental conditions. 

Cells exposed to oleic acid appear to have visibly fewer numbers of cells when compared to 

the respective vehicle and untreated controls at concentrations of metformin ≥5.5 mM. This 

difference was not visually substantial enough to be noticed in exposure times less than 72 h. 

Trainable Weka Segmentation was attempted but the poor image resolution and lack of contrast 

between the cells and the well surface in the vehicle and untreated groups did not allow for the 

production of a classifier with an acceptable degree of accuracy. Therefore, no semi-

quantitative analysis of the images was performed.  
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3.4.2 Concentration-Dependent Effect of Metformin with or without 1 mM Oleic 
Acid. 

Metformin concentration-dependent effect experiments were undertaken at a seeding density 

of 5,000 cells per well and over a concentration range of 0.06 – 180 mM metformin. This 

experiment also included an untreated control to examine the potential effect of the vehicle (2 

% ethanol) on the IC50 of metformin in Caco-2 cells.  

The effect of oleic acid (1mM) on metformin-induced changes in cell viability are shown in 

(Figure 17). The data are shown as a percentage of cell viability (relative to metformin 

untreated) and are reported as the mean ± SD of four independent experiments.  
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Figure 17: Cell viability (% relative to metformin untreated cells) indicated that 
treatment with oleic acid did not affect the IC50 of metformin at 24, 48 or 72 h.  
Cells were seeded on 96 well plates at 5,000 cells per well and left to adhere for 24 h before 
media was replaced and the cells exposed to 0.06 - 180 mM metformin with 1 mM oleic acid, 
vehicle control (2% ethanol v/v), or left untreated. Passage numbers 6, 8 and 10. The plates 
were then incubated for a further 24 (A), 48 (B) or 72 h (C) before 10 µL of WST-8 dye was 
added and the plates read at 90 minutes of colour development at 37 °C. Data from N=4 
experiments, comprising N = 2 technical replicates. Data are shown as mean ± SD. Curve fitted 
by non-linear regression ([Inhibitor] – Response 3 parameter model) in GraphPad Prism v9. 
Data are normalised as % of metformin untreated (control). Confidence bands (95%) are shown 
as dotted lines. SD bars may be smaller than the symbols. 

 

There was no significant effect of oleic acid or vehicle on metformin induced changes in cell 

viability at any of the time points assessed. The IC50 of metformin did not change with exposure 

to vehicle control or oleic acid (Table 2).  

Table 2: IC50 for the effect of metformin on Caco-2 cells in the presence or absence of 
oleic acid or vehicle following 24, 48 or 72 h culture.  
An Extra Sum of Squares F Test was conducted in GraphPad Prism v9 to determine the 
goodness of fit between two assumptions of the nonlinear regression performed in Figure 17 
(IC50 is identical between groups versus IC50 is different between groups). Treatment groups 
were determined to affect the cytotoxicity of metformin if the curve fits generated statistically 
significant results. Results were considered statistically significant if P<0.05 

Time (h) Condition IC50 (mM) CI (95%) 

24 h 

Metformin alone 0.3418 0.14 - 1.29 

Vehicle (2% ethanol) 0.3418 0.14 - 1.29 

Oleic acid (1 mM) 0.3418 0.14 - 1.29 

P value  0.563 

48 h 

Metformin alone 15.11 9.66 – 23.89 

Vehicle (2% ethanol) 15.11 9.66 – 23.89 

Oleic acid (1 mM) 15.11 9.66 – 23.89 

P value  0.346 

72 h 

Metformin alone 6.754 3.18 - 14.67 

Vehicle (2% ethanol) 6.754 3.18 - 14.67 

Oleic acid (1 mM) 6.754 3.18 - 14.67 

P value  0.068 
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3.4.3 Differences in Initial Absorbance Values in 0 mM Metformin Controls After 24, 
48 and 72 h with or without Oleic Acid or Vehicle. 

Differences in the levels of absorbance between 0 mM metformin controls were observed in 

the concentration-dependent effect experiments performed previously (section 3.4.2). To 

determine if vehicle control or oleic acid had an impact on the CCK8 assay independent of 

metformin, the mean absorbance units for each treatment condition were plotted (Figure 18).  
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Figure 18: Independent of metformin exposure, the absorbance levels of Caco-2 cells 
exposed to vehicle or oleic acid relative to untreated control differed from each other after 
24, 48, and 72 h as determined by the CCK8 assay.  
Cells were seeded on 96 well plates at 5,000 cells per well and left to adhere for 24 h before 
media was replaced and the cells exposed to 0.06 - 180 mM metformin with 1 mM oleic acid, 
vehicle control, or left untreated. Cell passage numbers 8 (A), 10 (B) and 6 (C). The plates 
were then incubated for a further 24 (A), 48 (B) or 72 (C) hours before 10 µL of WST-8 dye 
was added and the plates read at 90 minutes of colour development at 37 °C. Data from N=4 
experiments, comprising N = 2 technical replicates. Data are shown as mean ± SD. Significance 
determined by one way ANOVA, with a post hoc Dunnett’s test to determine significance 
between untreated, vehicle control and oleic acid treatment. Results were considered 
statistically significant if P<0.05. 

 

The CCK8 assay reports cell viability as absorbance units, at a wavelength of 450 nm. 

Increased or decreased absorbance indicates increased or decreased cell viability. At 24, 48 and 

72 hours mean absorbance values for vehicle control (2% ethanol) and oleic acid (1 mM) were 

lower than the untreated control independent of metformin. Oleic acid had a lower mean level 

of absorbance compared with vehicle control at 24, 48 and 72 hours of exposure. This would 

indicate oleic acid and vehicle control are altering cell viability independent of metformin. 

No statistically significant difference between treatment groups was observed at 24 (P= 0.678) 

or 48 h (P= 0.1148). The difference between oleic acid and untreated control at 72 h, however, 

was statistically significant (P= 0.02). Despite the lack of statistical significance at 24 and 48 

h, it was concluded that the vehicle (2% ethanol) and oleic acid may be interfering with the 

CCK8 assay, therefore another assay was required to investigate the cytotoxicity of metformin.  
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3.5  Assessment of the Concentration-Dependent Effect of Metformin with or 
without 1 mM Oleic Acid using an Alternative Assay. 

3.5.1 Optimisation of Conditions for Detection of Cell Viability Using the Live/Dead 
Assay in Caco-2 Cells. 

The Live/Dead assay uses two dyes, Calcein and Ethidium Homodimer 1, to stain live and dead 

cells respectively. Upon exposure to cellular esterases, Calcein is cleaved into a fluorescent 

product with an excitation/emission wavelength of 494/517 nm. Ethidium Homodimer 1 binds 

to DNA and fluoresces at an excitation/emission wavelength of 528/617 nm but can only enter 

cells with compromised membrane integrity. This enables the detection of both live and dead 

cells. 

To ensure that the minimum concentration of each dye was used that produced a substantial 

fluorescence above baseline, a dilution series ranging from 0.1 μM to 10 μM was prepared for 

each dye and then added to live and dead (induced by treatment with 70% methanol in PBS) 

populations of Caco-2 cells that had been cultured for 24, 48, and 72 h. To determine optimal 

dye development time, plates were read at 10 minute intervals for a total of 70 minutes.  
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Figure 19: Concentrations of Calcein ≥4 μM produced fluorescence substantially above 
baseline in live cells.  
96 well plates were seeded at a density of 5,000 cells per well and given 24 h to adhere. Cells 
were then grown for a further 24 (A), 48 (B), or 72 h (C). Passage numbers 10 (B & C) and 11 
(A). Half of the cells were then killed by exposing them to ice cold 70% methanol for at least 
30 minutes. The media on live cells was removed, and the methanol removed from dead cells 
before all cells were then washed with warm 1x PBS. Live and dead cells were then exposed 
to concentrations of Calcein between 0.1 μM and 10 μM and the plates read at an 
excitation/emission wavelength of 494/517 nm every 10 minutes for 70 minutes. Data from 
N=1 experiment, comprising N = 4 technical replicates at each timepoint. Data are shown as 
mean ± SD. SD bars may be smaller than the symbols. 

 

When cells were killed by 70% methanol no substantial fluorescence above baseline was 

observed for Calcein in dead cells (data not shown). Concentrations 4 μM and above produced 

clear, higher fluorescent values than baseline or concentrations <4 μM. From these data a 

Calcein concentration of 6 μM was chosen for the experiments using this assay to maximise 

the sensitivity for detection of live cells. 

Ethidium Homodimer 1 fluorescence was also determined in dead cells and is shown in Figure 

20 below. 
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Figure 20: Concentrations of Ethidium Homodimer 1 ≥4 μM produced fluorescence 
substantially above baseline in dead cells.  
96 well plates were seeded at a density of 5,000 cells per well and given 24 h to adhere. Cells 
were then grown for a further 24, 48, or 72 h. Passage numbers 10 (B & C) and 11 (A). Cells 
were then killed by exposing them to ice cold 70% methanol for at least 30 minutes after which 
the methanol was aspirated and the cells washed with warm 1x PBS. Dead cells were then 
exposed to concentrations of Ethidium Homodimer 1 between 0.1 μM and 10 μM and the plates 
read at an excitation/emission wavelength of 528/617 nm every 10 minutes for 70 minutes. 
Data from N=1 experiment, comprising N = 4 technical replicates at each timepoint. Data are 
shown as mean ± SD. SD bars may be smaller than the symbols 
 

Based on these data an Ethidium Homodimer 1 concentration of 6 μM was chosen for future 

experiments as concentrations 6 μM and above produced clear, higher fluorescent values than 

baseline or concentrations <6 μM. 

For both dyes, a development time of 40 minutes was optimal. Calcein fluorescence increases 

linearly with time and at 40 minutes, at a Calcein concentration of 6 µM, the fluorescence was 

clearly above baseline. Additionally, Ethidium Homodimer 1-DNA binding appeared to be 

complete by this time.  

The manufacturer’s protocol also recommended wavelengths of Ex/Em 494/530 nm for 

Calcein and 528/645 nm for Ethidium Homodimer 1. These wavelengths were tested but 

offered no increase in sensitivity and would not be used in future experiments (data not shown). 

Both dyes had anhydrous DMSO as their vehicle, however in every dilution used in this 

experiment DMSO concentration was < 1%. 
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3.5.2 The Concentration-Dependent Effect of Metformin with or without 1 mM Oleic 
Acid: Live/Dead Assay 

Metformin concentration-dependent effect experiments were undertaken at a seeding density 

of 5,000 cells per well and over a concentration range of 0.06 – 180 mM using the Live/Dead 

cytotoxicity assay. This experiment also included an untreated control to examine the potential 

effect of vehicle (2% ethanol) on the cytotoxicity of metformin in Caco-2 cells. The effect of 

oleic acid (1mM) on metformin-induced changes in live cell numbers is shown in Figure 21. 

The data are shown as a percentage of live cells (relative to untreated) and are reported as the 

mean ± SD of four independent experiments. The percentage of live cells relative to untreated 

control at 180 mM had not reached 0 at any time point. To investigate if the vehicle control or 

oleic acid treatment had altered the cytotoxicity of metformin an Extra Sum of Squares F Test 

was conducted to determine the goodness of fit between two assumptions of the nonlinear 

regression performed in Figure 21 (IC50 is identical between groups versus IC50 is different 

between groups). Results that were statistically significant (P<0.05) indicated the IC50 differed 

between treatment groups. At 24 (P= 0.1718), 48 (P= 0.0765) and 72 h (P= 0.972) no statistical 

difference was determined between curve fits, indicating treatment with oleic acid or vehicle 

did not affect the cytotoxicity of metformin. 
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Figure 21: Calcein staining for live cells indicated that 1 mM oleic acid did not affect the 
number of live cells after exposure to metformin after 24, 48 or 72 h.  
Cells were seeded on 96 well plates at 5,000 cells per well and left to adhere for 24 h before 
media was replaced and the cells exposed to 0.06 - 180 mM metformin with 1 mM oleic acid, 
vehicle control, or left untreated. Passage 15, 17 and 19. The plate was then incubated for 
another 24 (A), 42 (B) or 72 h (C) before the media was aspirated and the cells washed with 
warm PBS. Calcein (6 μM) was added, and the plate read at (Ex/Em) 494/517 nm after 40 
minutes of development. Data from N=4 experiments, consisting of N = 2 technical replicates. 
Data are shown as % mean ± SD of untreated metformin control. Curve fitted by non-linear 
regression ([Inhibitor] – Response 3 parameter model). Confidence bands (95%) are shown as 
dotted lines. SD bars may be smaller than the symbols. 

 

The effect of oleic acid (1mM) on metformin-induced changes in dead cell numbers are shown 

in Figure 22. The data are shown as a percentage of dead cells (relative to untreated) and are 

reported as the mean ± SD of four independent experiments. No IC50 could be generated from 

these data as cytotoxicity was only observed at concentrations > 100 mM with this assay.  
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Figure 22: There was no effect of oleic acid (1 mM) on metformin mediated cell death 
after 24, 48 or 72 h.  
Cells were seeded on 96 well plates at 5,000 cells per well and left to adhere for 24 h before 
media was replaced and the cells exposed to 0.06 - 180 mM metformin with 1 mM oleic acid, 
vehicle control, or left untreated. Passage 15, 17 and 19. The plate was then incubated for 
another 24 (A), 48 (B) or 72 h (C) before the media was aspirated and the cells washed with 
warm PBS. 6 μM Ethidium Homodimer-1 in PBS was added and the plate read at (Ex/Em) 
528/617 nm after 40 minutes of development Data from N=4 experiments, consisting of N = 
2 technical replicates. Data are shown as % mean ± SD of untreated metformin control. 

  

Ethidium Homodimer-1 to DNA binding detection of dead cells indicated that there was no 

effect of oleic acid or ethanol on metformin induced cell death. Almost no cell death above 

baseline (no metformin control) was reported at 24 and 48 h even at a concentration of 180 

mM metformin. At 72 h vehicle control cells appeared to have higher mean numbers of dead 

cells compared with untreated control and oleic acid at ≥16.6 mM. The large SD, however, 

(e.g. vehicle control SD = 519.86 at 50 mM) of each of these means above 10 mM indicates 

these are most likely not accurate representations of the potential effect of the vehicle on Caco-

2 cells. Ultimately, these data concur with the lack of cytotoxicity observed in Figure 21 

however they are inconsistent with the visual data reported in section 3.4.1. In conclusion, the 

Live/Dead assay reported that metformin was not cytotoxic at concentrations >100 mM.  

3.5.3  Investigation into the Effect of the Vehicle and Oleic Acid Treatments on the 
Number of Live Cells Independent of Metformin. 

To determine if the vehicle or oleic acid were interfering with the assay, the Calcein 

fluorescence units, independent of metformin were plotted, for each treatment group (Figure 

23). 
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Figure 23: Vehicle control and oleic acid did not appear to alter the number of live cells 
independent of metformin compared with untreated controls.  
Cells were seeded on 96 well plates at 5,000 cells per well and left to adhere for 24 h before 
media was replaced and the cells exposed to 0.06 - 180 mM metformin with 1 mM oleic acid, 
vehicle control, or left untreated. Passage 15, 17 and 19. The plate was then incubated for 
another 24 (A), 42 (B) or 72 h (C) before the media was aspirated and the cells washed with 
warm PBS. Calcein (6 μM) was added, and the plate read at (Ex/Em) 494/517 nm after 40 
minutes of development. Data from N=4 experiments, consisting of N = 2 technical replicates. 
Data are shown as mean ± SD. Significance was determined by one way ANOVA with a post 
hoc Dunnett’s test comparing untreated with vehicle control and oleic acid. Results were 
considered statistically significant if P<0.05 

 

Vehicle control (2% ethanol) and oleic acid (1 mM) did not alter the fluorescence levels 

compared with untreated controls in the absence of metformin at any time point. No statistical 

difference was observed between treatment groups at any timepoint (24 h: P= 0.158, 48 h: P= 

0.928, 72 h: P= 0.637). Considering the viability data reported in sections 3.3.1 and 3.5.2, in 

conjunction with these data, it seems unlikely that vehicle or oleic acid alters the fluorescence 

of Calcein and therefore the number of live cells.  
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3.6 Optimisation of the Conditions for Detection of Radiolabelled Metformin 
Uptake in Caco-2 Cells 

To determine the rate of uptake of metformin into cells radiolabelled (3H) metformin was used 

to establish the appropriate conditions to detect metformin uptake into Caco-2 cells. Prior to 

establishing the kinetics of uptake, initial experiments were undertaken to determine 

appropriate seeding density, well size, and transwell suitability. Cells were seeded at 60,000 

cells/cm2 as recommended in the literature (19). A concentration of 0.5 mM metformin 

containing 0.55% (3H) metformin with a specific activity of 27 mCi/mmol was used and the 

amount of metformin detected within the cells at 0 and 5 minutes was determined by liquid 

scintillation chromatography (section 2.7). 

 

Figure 24: The effect of different plate sizes and types on the ability to detect intracellular 
accumulation of radiolabelled metformin (dpm/cm2).  
Transwell inserts (6.5 mm), 24 well plates and 48 well plates were seeded at 60,000 cells/cm2 
and left to adhere for 24 h. Cell passage number 12. The culture media was aspirated off and 
the cells pre-incubated with warmed (37 °C) transport buffer for at least 5 minutes. In treatment 
wells, this buffer was aspirated off and warm radiolabelled metformin solution (0.5 mM) was 
either added to the well and aspirated off immediately (0 minutes) or left on the cells for 5 
minutes before aspiration. Each well was then washed with an excess of ice-cold buffer three 
times. Cells were then lysed and analysed by scintillation counting for 10 minutes per replicate. 
Data from N=1 experiment consisting of N=4 replicates. Data shown as mean ± SD. SD bars 
may be smaller than the symbols. Significance determined by one way ANOVA and a post hoc 
Dunnett’s test was conducted to establish significance between 5 minutes and background 
relevant to 0 minutes. Results were considered significant if P < 0.05. Note that y-axes are not 
identical, individual scales are presented for clarity. 
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In this experiment the mean disintegrations per minute (dpm), which served as an indicator of 

how much metformin was accumulating within the cells, of each well type was recorded at 0 

and 5 minutes of exposure to radiolabelled metformin. By comparing the 0 and 5 minute points, 

the sensitivity of each cell density, as a function of well type, to detect changes in intracellular 

metformin content over time could be determined.  

The mean dpm of transwell inserts at 0 minutes of exposure to radiolabelled metformin was 27 

± 2.83 dpm and 53 ± 2.12 dpm at 5 minutes. The mean dpm of 48 well plates and 24 well plates 

at 0 minutes were 44.5 ± 10.6 and 195 ± 74.25 respectively, and at 5 minutes 276 ± 20.5 and 

444 ± 83.4 dpm respectively. These dpm were multiplied by the growing area of the well (cm2) 

to determine the dpm/cm2 (Figure 24). Statistical significance between background, 0 and 5 

minutes was determined by a one-way ANOVA, with a post hoc Dunnett’s test, for both the 

transwell inserts (P= 0.0014) and 48 well plates (P= 0.0005). The difference in dpm/cm2 

between 0 and 5 minutes for the 24 well plates was almost statistically significant (P = 0.0504).  

These data indicated that transwells were unlikely to have the sensitivity to detect differences 

in the intracellular accumulation of metformin. As this was pilot data from only one experiment 

both the ability of 48 and 24 well plates to detect changes in metformin accumulation would 

be examined. 

Additionally, visual investigations found the seeding density (60,000 cells/cm2) used in this 

experiment was too low, resulting in non-confluent monolayers.  

3.6.1 Radiolabelled Metformin Uptake in Caco-2 Cells in 48 Well Plates. 

To assess the uptake kinetics of metformin over time in Caco-2 monolayers, 48 well plates 

were seeded at 75,000 cells/cm2 and left to adhere for 24 h. The wells were then pre-incubated 

in transport buffer before being exposed to 0.5 mM metformin containing 0.55% (3H) 

metformin with a specific activity of 27 mCi/mmol. The dpm of each well was converted to 

nmol/0.5 mL (section 2.7.1) and plotted in Figure 25. 
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Figure 25: The kinetics of metformin uptake in 48 well plates.  
48 well plates were seeded at a density of 56,250 cells per well and given 24 h to adhere. Cell 
passage number 13. The culture media was aspirated off and the cells pre-incubated with 
warmed (37 °C) transport buffer for at least 5 minutes. In treatment wells, this buffer was 
aspirated off and warm 0.5 mM radiolabelled metformin solution added for between 0 and 45 
minutes. Each well was then washed with an excess of ice-cold buffer three times. Cells were 
then lysed and 0.5 mL of lysate was analysed by scintillation counting for 10 minutes per 
replicate. Data from N=1 experiment, consisting of four technical replicates. Data are shown 
as individual replicates. Curve fitted by non-linear regression (one phase exponential 
association). Confidence bands (95%) are shown as dotted lines. 

 

Metformin uptake according to these data appeared to saturate after 5 minutes. These data 

indicated that 48 well plates most likely did not have the sensitivity to detect changes in 

metformin accumulation under these conditions. Therefore, 24 well plates would be used for 

their greater sensitivity for detection (Figure 24). 

3.6.2  Radiolabelled Metformin Uptake in Caco-2 Cells in 24 well plates 

After previous experiments (section 3.6.1) found the density of cells within 48 well plates 

insensitive for determining the rate of metformin uptake into Caco-2 cells, a repeat of the 

previous experiment was performed in 24 well plates. These data are shown in Figure 26. 
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Figure 26: Metformin uptake into Caco-2 cells at (A) 37 °C and (B) 4 °C. The relative 
transport under these conditions is shown (C) and the component which is active 
transport (difference between 37 °C and 4 °C) is shown in (D).  
24 well plates were seeded at a density of 150,000 cells per well and given 24 h to adhere. Cell 
passage number 7. The culture media was aspirated off and the cells pre-incubated with 
warmed (37 °C) or ice cold (4 °C) transport buffer for at least 5 minutes. In treatment wells, 
this buffer was aspirated off and either warm or ice cold 0.5 mM radiolabelled metformin 
solution added for between 0 and 45 minutes. Each well was then washed with an excess of 
ice-cold buffer three times. Cells were then lysed and 0.5 mL of lysate was analysed by 
scintillation counting for 10 minutes per replicate. Data from N=1 experiment, consisting of 
four technical replicates. Data are shown as individual replicates. Curve fitted by non-linear 
regression (one phase exponential association). Confidence bands (95%) are shown as dotted 
lines. Note y-axes are not identical, individual scales are presented for clarity. 

 

Active metformin transport was determined by subtracting the mean 4 °C intracellular 

concentration of metformin from mean 37 °C intracellular concentration. No active transport 

of metformin was observed until 30 minutes, indicating that incubations greater than 45 

minutes would be required to examine active transport. However, transport at 37 °C did not 

appear to saturate after 5 minutes as it did in 48 well plates (Figure 25). From these data it was 
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concluded that 24 well plates and their cell density offered an advantage in detecting changes 

in intracellular metformin compared with 48 well plates. 

3.7 Radiolabelled Metformin Uptake in Caco-2 Cells with or without 1mM 
Oleic Acid 

To determine if oleic acid exposure influenced the intracellular accumulation of radiolabelled 

metformin within Caco-2 cells, the following uptake experiments were conducted. The cells in 

these experiments were exposed to either oleic acid (1 mM), vehicle control (2% ethanol) or 

left untreated for 72 h prior to the uptake experiment to maximise the chance of detecting 

changes in metformin accumulation between treatment groups (oleic acid, vehicle or untreated 

control). To better determine active transport compared with the previous experiment (Figure 

26) a 90 minute time point was added.  

For each treatment condition separate experiments (N= 3 independent repeats, consisting of 

four technical replicates each) were conducted and the results pooled together to compare the 

effect of each treatment on the kinetics of metformin. Each experiment consisted of one 

progress curve conducted at 37 °C and one at 4 °C. Data from 37 °C are shown in Figure 27 

and data from 4 °C are shown in Figure 28
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Figure 27: Vehicle treated Caco-2 cells had higher intracellular accumulation of 
metformin compared to untreated and oleic acid treated cells at 37 °C.  
24 well plates were seeded at a density of 150,000 cells per well and given 24 h to adhere. Cell 
passage numbers: 10,11,12,13,16,18 and 20. The culture media was then either refreshed 
(untreated) or replaced with media containing 1 mM oleic acid (oleic acid) or vehicle 
equivalent (vehicle). The treatment media was aspirated off and the cells pre-incubated with 
warmed (37 °C) transport buffer for at least 5 minutes. In non-background wells, this buffer 
was aspirated off and warm 0.5 mM radiolabelled metformin solution was added for between 
0 and 90 minutes. Each well was then washed with an excess of ice-cold buffer three times. 
Cells were then lysed and 0.5 mL of lysate was analysed by scintillation counting for 10 
minutes per replicate. Data from N=3 experiments, consisting of four technical replicates. Data 
are shown as individual replicates and curves. Curve fitted by non-linear regression (one phase 
exponential association). Confidence bands (95%) are shown as dotted lines. 

 

The data collected at 37 °C had some variability under all treatment conditions with oleic acid 

and vehicle control having several high values at 10 and 15 minutes. Untreated and oleic acid 

treated cells showed saturable kinetics by 45 minutes of 0.5 mM metformin exposure. This was 

not observed in vehicle control cells, as no saturation of transport was observed up to 90 

minutes. Cells exposed to the vehicle appeared to, on average, accumulate metformin to a 

higher degree than untreated or oleic acid treated cells at all time points (Figure 27). Oleic acid 

treatment, relative to vehicle control, decreased the mean intracellular concentration of 

metformin at 37 °C at all timepoints tested. The percentage of metformin accumulated in cells 

treated with oleic acid relative to vehicle control is shown in Table 5.  

Table 3: Oleic acid treated cells had mean intracellular metformin concentrations 32.2 to 
90.9 % that of vehicle control at 37 °C.  
These data are reported from Figure 27. The mean intracellular metformin concentration for 
the oleic acid (1 mM) treated cells at each time point was divided by the mean concentration 
of the vehicle control (2% ethanol) cells at the corresponding time point. Data reported as a 
percentage where vehicle control = 100%.  

Time (min) Oleic Acid 
(nmol/0.5 mL) 

Vehicle Control 
(nmol/0.5 mL) % difference 

90 0.109 0.239 45.6 
45 0.068 0.129 52.7 
30 0.045 0.116 38.8 
20 0.035 0.101 34.7 
15 0.09 0.099 90.9 
10 0.045 0.094 47.9 
5 0.019 0.059 32.2 
0 0.007 0.0176 39.8 

 

Progress curves form data collected at 4 °C were also plotted and shown in Figure 28. 
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Figure 28: Vehicle treated Caco-2 cells had higher intracellular accumulation of 
metformin compared to untreated and oleic acid treated cells at 4 °C.  
24 well plates were seeded at a density of 150,000 cells per well and given 24 h to adhere. Cell 
passage numbers: 10,11,12,13,16,18 and 20. Culture media was then either refreshed 
(untreated) or replaced with media containing 1 mM oleic acid (oleic acid) or vehicle 
equivalent (vehicle). The treatment media was aspirated off and the cells pre-incubated with 
ice cold (4 °C) transport buffer for at least 5 minutes. In non-background wells, this buffer was 
aspirated off and 4 °C, 0.5 mM radiolabelled metformin solution was added for between 0 and 
90 minutes. Each well was then washed with an excess of ice-cold buffer three times. Cells 
were then lysed and analysed by scintillation counting for 10 minutes per replicate. Data from 
N=3 experiments, consisting of four technical replicates. Data are shown as individual 
replicates and curves. Curve fitted by non-linear regression (one phase exponential 
association). Confidence bands (95%) are shown as dotted lines. 
 

Under all treatment conditions, a greater degree of variation between replicates was observed 

at 4 °C compared with 37 °C data. Substantial variation was even observed at t=0 in vehicle 

control cells. Oleic acid treatment, relative to vehicle control, decreased the mean intracellular 

concentration of metformin observed at 4 °C at all timepoints tested except at 15 minutes. The 

percentage of metformin accumulated in cells treated with oleic acid relative to vehicle control 

is shown in Table 6. 

Table 4: Oleic acid treated cells had mean intracellular metformin concentrations 10.7 to 
168 % that of vehicle control cells at 4 °C.  
These data are reported from Figure 28. The mean intracellular metformin concentration for 
the oleic acid (1 mM) treated cells at each time point was divided by the mean concentration 
of the vehicle control (2% ethanol) cells at the corresponding time point. Data reported as a 
percentage where vehicle control = 100%. 

Time (min) Oleic Acid 
(nmol/0.5 mL) 

Vehicle Control 
(nmol/0.5 mL) % Difference  

90 0.037 0.086 43 
45 0.033 0.091 36.3 
30 0.039 0.107 36.4 
20 0.024 0.132 18.2 
15 0.121 0.072 168 
10 0.021 0.044 47.7 
5 0.013 0.072 18.1 
0 0.009 0.084 10.7 

 

A linear increase in intracellular metformin with respect to time was expected but not observed. 

Progress curves under all treatment conditions had saturated transport by 30 minutes of 

exposure at 4 °C. To estimate the active transport of metformin into Caco-2 cells, the mean 4 

°C data was subtracted from the mean 37 °C data. The results were plotted in Figure 29. 
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Figure 29: Oleic acid has decreased active metformin transport relative to vehicle control.  
Radiolabelled metformin uptake experiments were undertaken as described previously (Figure 
27 & Figure 28). Replicates were pooled and mean 4 °C data was subtracted from the mean 37 
°C data. Data from N=3 experiments, consisting of four technical replicates. Data are shown 
as mean ± SEM. SEM bars may be smaller than the symbols. 
 

No active transport could be observed until 30 minutes, at which time the intracellular 

concentration of metformin of all three treatment groups was roughly the same (untreated 

control: 0.007 ± 0.016 nmol/0.5 mL, vehicle control: 0.008 ± 0.014 nmol/0.5 mL and oleic 

acid: 0.007 ± 0.07 nmol/0.5 mL).  

It was not until 90 minutes that a clear difference in the intracellular concentration was 

observed between vehicle and oleic acid. Untreated and oleic acid treated cells had relatively 

similar intracellular concentrations at 0.066 ± 0.018 nmol/0.5 mL and 0.072 ± 0.006 nmol/0.5 

mL respectively. Vehicle control, however, at 0.153 ± 0.025 nmol/0.5 mL was well above 

either untreated or oleic acid.  

Considering this, the mean concentrations at 90 minutes were reported as a percentage of 

available drug taken up by the cells (percentage of 0.5 mM). These data are shown in Figure 

30. 
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Figure 30: Vehicle control cells had a higher percentage of intracellular metformin 
compared to oleic acid and untreated cells.  
Data from Figure 29 were converted from dpm into molarity and then reported as the 
percentage of metformin input into the well (0.5 mM). Data reported as mean ± SD. Data from 
N=3 experiments per condition, consisting of four technical replicates each. Significance was 
determined by one way ANOVA and a post hoc Dunnett’s test to determine significance 
between vehicle control and untreated and oleic acid. Results were considered statistically 
significant if P<0.05 
 

Vehicle control cells had accumulated a significantly (P = 0.0017) larger percentage of 

metformin than oleic acid treated cells (0.15 ± 0.017 % vs 0.07 ± 0.006%) of the available 

drug. No statistical difference was observed between untreated and oleic acid treated cells. 

These data indicated that oleic acid, relative to vehicle, decreased the total amount of 

metformin actively transported into Caco-2 cells. 
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4 Discussion 

4.1 Proliferative and Non-Differentiated Caco-2 Cells. 

Most in vitro studies of metformin uptake across the gut are performed in differentiated Caco-

2 cells. Caco-2 cells when in their proliferative phase have a phenotype more similar to the 

colon cancer cells the line is derived from, however, upon reaching confluence they 

spontaneously differentiate into a more enterocyte-like cell (65). To perform experiments in 

differentiated Caco-2 cells, confluent monolayers must be cultured for 21 days prior to 

experimentation. Before work could be conducted with differentiated cells, however, initial 

experiments were performed in proliferative non-differentiated cells. Less published data exist 

on the effect of metformin on non-differentiated Caco-2 cells and no data exists describing the 

transport of metformin into and out of non-differentiated Caco-2 cells or the effect of steatosis. 

The 21-day differentiation period, however, presented a logistical issue during the COVID-19-

pandemic, as it heavily restricted access to the laboratory facilities. Hence non-differentiated 

cells were the focus of this research.  

4.2 Steatosis and Free Fatty Acids 

The first aim of this research was to investigate the steatogenic capacity of oleic and palmitic 

acid in Caco-2 cells. Steatosis can be induced by exposing Caco-2 cells to FFA concentrations 

beyond their capacity to utilise or export them, thereby inducing intracellular lipid storage. 

Steatosis is associated with a host of metabolic changes that include oxidative stress and 

changes in gene regulation (51, 66). There is a growing body of evidence that has illustrated 

that steatosis can cause alteration in CYP expression and SLC transporter expression. In cases 

of NAFLD alterations in CYP expression (e.g., CYP3A4, CYP2E1) have been confirmed, with 

the underlying mechanism purported as FFA/steatosis induced changes in transcription factor 

activity. Alterations in transporter mRNA and protein expression of multidrug resistance 

protein 1-4 (Mdr1-4) have also been discovered in rodent models of NAFLD (63). Direct 

evidence of non-hepatic transporter alteration by NAFLD also comes from rodent models. Oct-

1 and Mate-1 mRNA levels were decreased in murine models of NAFLD, which was associated 

with increased metformin plasma half-life (67). Specifically for this study, it is these 

discoveries that indicate FFA exposure may alter the kinetics of metformin at a cellular level. 
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The studies cited here have focused on steatotic hepatocytes and the alteration of their 

transporter expression or have examined changes in non-hepatic cell function as sequalae of 

NAFLD. Direct investigations of steatosis in cells other than hepatocytes are not as common. 

Enterocytes are ordinarily conceptualised as gateways through which fatty acids are absorbed, 

de-esterified and repackaged into chylomicrons before export into the lymph, rather than sites 

of lipid accumulation. In high fat diets, however, enterocytes can function as sites of lipid 

storage (68). Lipids also persist several hours post ingestion, indicating long periods of 

exposure can occur (69). It is therefore a reasonable assumption that the enterocyte steatosis 

observed in vitro occurs in vivo if FFA exposure is greater than the capacity of enterocytes to 

package and export those FFA. 

Steatosis may drive changes in protein expression that could include alterations in other 

metformin transporter genes and protein expression in enterocytes, and the Caco-2 cell model. 

For this study a concentration of FFA that could induce steatosis without altering cell 

proliferation needed to be found before any transport experiments could be conducted to 

determine if such alterations could be observed. 

Oleic acid concentrations up to 2 mM were not toxic to Caco-2 cells according to the CCK8 

assay and concentrations 1 mM and above did induce steatosis; visible lipid droplets were 

observed within the cytosol of Caco-2 cells under x40 magnification and phase contrast. This 

confirms what is reported in literature, as oleic acid is more steatogenic but less toxic to cells 

when compared with palmitic acid (70). Cells treated with oleic acid took on a dark brown 

colour around their borders that did not occur in untreated cells nor those exposed to the 

vehicle. This colour difference was considered inconsequential as experiments that assessed 

FFA toxicity in Caco-2 reported cell viability levels of 95% when exposed to oleic acid 

concentration of 2 mM (71). A concentration of 1 mM oleic acid is commonly used in literature 

and concentrations as low as 0.5 mM have been determined to induce steatosis in some models 

(70). Furthermore, serum lipid ranges, even in healthy individuals are wide, fasting 

concentrations between 0.3 – 4.1 mmol/L for palmitic acid and 0.03 -3.2 mmol/L for oleic acid 

have been reported (72). A concentration of 1 mM was, therefore, determined to be a 

physiologically relevant concentration that would produce steatosis without inducing overt 

cytotoxicity up to 120 h of exposure. 

Palmitic acid, however, was found to be substantially toxic to cells at concentrations 1 mM and 

above, with 1 mM reducing cell viability to 52.4% of vehicle control and 2 mM reducing it to 
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22% of vehicle control. This also concurs with current literature. In one study palmitic acid 

toxicity in Caco-2 cells, determined by CCK8 assay, at a concentration of 2 mM, had decreased 

Caco-2 viability to 41% (71). 

Most literature investigating the interplay between T2DM and FFA has focused on the 

deleterious effects of palmitic acid but increasing evidence has focused on the ability of oleic 

acid to ameliorate the pathogenic signalling associated with palmitic acid (54). The addition of 

oleic acid at a 2:1 ratio can decrease the toxicity of 1.8 mM palmitic acid to 83% in Caco-2 

cells (71). 

Although a mixture of oleic and palmitic acid may have decreased the toxicity of palmitic acid 

the issue of solubilising palmitic acid into an aqueous solution prevented further study. There 

were several differences in the methods of this study when compared with related experiments 

conducted in literature. In surveyed literature, oleic acid and palmitic acid were solubilised 

using 1% bovine serum albumin (BSA), (51, 73). Oleic acid can be solubilised in an ethanolic 

stock and can easily be introduced into culture media (2% ethanol by volume). The difficulty 

of solubilising palmitic acid in aqueous solutions such as culture media is why so many studies 

have used BSA. This study, however, elected not to use BSA as a solubilising agent because 

the experimental system herein was intended to provide a model of normal gut exposure to 

FFA. FFA uptake in the gut is primarily facilitated by Fatty Acid Binding Protein 4, the 

scavenger receptor CD36, and by absorption and desorption into and out of lipid membranes, 

not albumin (74). Furthermore, only the free fraction of FFA (i.e., unbound from the BSA/FFA 

complex) is available to interact with the cells. Therefore, the maximum soluble concentration 

of FFA in aqueous media is more likely to reflect the unbound fraction.  The total concentration 

of FFA used, when conjugated to BSA, is not the actual concentration the cells are exposed to. 

This concentration is also not representative of the higher FFA concentrations in the post-

prandial gut. No studies using BSA in the solubilisation of FFA have addressed this 

complexity. BSA, therefore, represents another factor that could potentially alter the 

experimental system and was therefore excluded. 

Another difference in method between this study and those conducted in literature is the use of 

bile salts. Bile salts such as sodium taurocholate are common in the solubilisation of FFA 

solutions for cell culture (51, 71). The addition of bile salts, however, could induce perforations 

in the membrane of the Caco-2 cell monolayers and thereby alter the transport kinetics. As FFA 
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impact on metformin transport into Caco-2 cells was the focus of this study any factor that may 

compromise the integrity of the membrane was excluded. 

Although solubility issues prevented further investigation of the effect of palmitic acid on 

metformin transport in Caco-2 cells, oleic acid and its effects in T2DM are a less established 

area of research. PPAR also preferentially binds monounsaturated FFA, such as oleic acid, over 

saturated FFA (54). The data surrounding the preference of HNF for binding monounsaturated 

FFA is less clear, although some crystallographic evidence suggests higher ratios of 

monounsaturated FFA are bound (75). If PPAR and HNF are the mediators of FFA driven 

changes in metformin transporter expression, there is a higher likelihood of observing such 

changes when cells are exposed to oleic acid. For these reasons oleic acid was the FFA of focus 

when investigating potential changes in metformin uptake in Caco-2 cells although the 

steatogenic potential of the maximum soluble concentration of palmitic acid was still 

investigated (section 4.3). 

4.3 Oil red O staining and Cell Adherence. 

Oil red O staining was performed to confirm the induction of steatosis at the concentrations 

and exposure times of FFA chosen. During the staining it was observed that cells treated with 

FFA at concentrations of 1 mM routinely lost adherence to the plates they were seeded to. This 

was not observed with vehicle treated cells. 

Initially attempts were made to stain cells exposed to 1 mM palmitic acid however nearly all 

the palmitic acid treated cells were lost during the staining process. Before staining it was 

necessary to remove the media containing palmitic acid and replace it with new, palmitic acid-

free media before adding the WST-8 dye, as the emulsion had affected the transmission of light 

during spectrophotometric analysis. The potential that this replacement of media before 

photography could contribute to the disruption of the monolayer has not escaped notice and 

may potentially have caused increased disruption to cell adhesion prior to fixing with 

paraformaldehyde. In total the cell monolayers were washed at least 8 times with various 

solutions, 9 in the case of palmitic acid treated cells. However, it is most likely that the 

paraformaldehyde and subsequent washing steps with dH2O are responsible for most of the cell 

loss.  

When lower concentrations of palmitic acid (≤100 µM) were examined the cell loss was 

minimal. The resulting images however showed no clear difference in the amount of stain 
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between vehicle control and palmitic acid. To make a semiquantitative analysis of the degree 

of staining between vehicle control and palmitic acid the Trainable Weka Segmentation plugin 

in ImageJ was used. The programme was applied to the vehicle control and palmitic acid 

images at 72 h of exposure to determine the percentage of oil red O stain pixels within the 

image. These values indicated the extent of staining within the microscopic field. As there was 

little difference between vehicle control and 100 µM palmitic acid, no further assessment of 

palmitic acid was undertaken. If future studies wish to identify the difference in staining in a 

quantitative manner, performing a back extraction of oil red O and analysing by 

spectrophotometry is an established method. 

The question remains; what is the potential cause of this loss of cell adherence? Literature 

suggests palmitic acid directly disrupts Caco-2 cell adhesion by reducing the expression of 

tight and adherens junction proteins after just 24 h of exposure to 1 mM palmitic acid (49). 

This would explain why cells exposed to concentrations between 0.5- 2 mM palmitic acid were 

unable to remain attached to the plate during staining whilst those treated with 100 µM palmitic 

acid could be stained. 

As palmitic acid at concentrations of 1 mM resulted in the near complete loss of the monolayer, 

oleic acid also disrupted cell adhesion at this concentration, although not to the same extent. 

Oleic acid also exerts a similar effect on cell adhesion. Oleic acid has a concentration-

dependent effect on cell adherence, whereby concentrations greater than 200 µM caused a 

decrease in the occludin and zonula occludens-1 content of tight junctions in non-differentiated 

Caco-2 cells (76). This explains the partial loss of oleic acid treated cells seen during the oil 

red O staining. 

The issues with adherence, by the alteration of cellular tight junctions, was one reason that 

influenced the decision to not use transwells for the transport studies. Preliminary tests with 

cells in transwells indicated the bulk of the drug moves through the paracellular route into the 

basolateral compartment, leaving very little in terms of intracellular accumulation.  

The majority of metformin transport occurs paracellularly and tight junctions are a key 

regulator of the permeability of the gut wall. Changes in the permeability of the gut wall as a 

result of steatosis driven downregulation of tight junction proteins may impact the gut specific 

pharmacokinetics of metformin. Metformin uptake in Caco-2 cells is not limited to the apical 

membrane; basolateral uptake occurs and at least one transporter relevant for metformin 

uptake, OCT-1, is expressed in the lateral membrane of enterocytes (24, 77). As discussed, no 
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plasma pharmacokinetic difference exists between tolerant and intolerant populations and 

metformin is incompletely absorbed in the gut (16, 40). Changes in local concentrations, 

however, within the lymph and paracellular zones may have relevance to the intolerance and 

therapeutic effect of metformin, yet have no impact on plasma pharmacokinetics. 

The relevancy of these findings for the intolerance or therapeutic effect of metformin are 

probably minimal. These findings do indicate however that exposure to 1 mM oleic acid for at 

least 24 h can induce general changes in cell protein expression. 

4.4 The Concentration-Dependent Effect of Metformin and Oleic Acid on 
Caco-2 Cell Viability. 

The second aim of this research was to determine if steatosis had an effect on the cytotoxicity 

of metformin as a function of active transport in Caco-2 cells. To this end, a series of 

concentration-effect experiments were conducted. 

Visual examination of cells post exposure revealed that concentrations ≥5.5 mM metformin 

decreased the apparent number of cells at all time points and under all conditions (untreated, 

vehicle control and oleic acid). At concentrations of 150 and 180 mM metformin, cells had 

become elongated and lost their regular shape when compared with controls. This was the case 

for all time points surveyed. 

At exposure times of 72 h, oleic acid treatment appeared to increase metformin cytotoxicity 

when cells were examined visually. The apparent number of cells in wells exposed to 1 mM 

oleic acid and metformin concentrations ≥5.5 mM had decreased relative to vehicle control 

when the wells were viewed at low magnification. This effect was either too small to be 

observed by eye or did not occur before 72 h of exposure to metformin. This implies that 

oleic acid treatment had sensitised the cells to metformin in a manner that the vehicle, 2% 

ethanol, did not. Attempts to make a semiquantitative measurement of the area of well 

occupied by cells using the Trainable Weka Segmentation protocol used previously (section 

4.3) were not successful.  

The CCK8 assay-based concentration-dependent effect curves, however, indicated there was 

no change in the toxicity of metformin irrespective of oleic acid treatment. The IC50 of 

metformin at 24 h was 0.34 mM and at 48 and 72 h the IC50 were 15.11 and 6.75 mM 

respectively. No difference in IC50 were observed between treatment groups. 
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The CCK8 cell counting kit is a simple, non-destructive means of assessing cell proliferation 

by proxy. The CCK8, specifically the dye WST-8, uses the level of reductant present (e.g. 

NADH) to infer the proliferation of cells; based on the premise that rates of dye development 

due to increased level of reductant are approximate to the number of cells. However, these 

experiments using FFA are almost certain to influence cellular metabolism. In fact, the effects 

of oleic and palmitic acid on cellular metabolism, specifically reductant ratios, have already 

been demonstrated (54). Additionally ethanol is known to alter cellular redox states, with 

increases in NAD(P)H:NAD+ seen in the cytosol and mitochondria of hepatocytes. 

Downstream effects of this include alteration in mitochondrial fatty acid oxidation (78). It 

stands to reason a similar effect would occur within enterocytes. There exists the possibility 

that ethanol, in addition to altering cellular reductant levels in and of itself, was compounding 

or decreasing the reductant changes induced by oleic acid. Analysis of the initial viability of 

cells treated with vehicle or oleic acid appeared to confirm the former. Independent of 

metformin exposure, the vehicle had decreased the mean percentage of viability relative to 

untreated controls by between 8.2 – 14.6 % across 24, 48 and 72 h of exposure. In oleic acid 

treated cells, 1 mM oleic acid had decreased the mean percentage viability relative to untreated 

controls to 15.5-44.2 %. Yet visual data indicated oleic acid, vehicle, and untreated controls 

had near identical numbers of apparent cells up to 72 h of exposure. Experiments in establishing 

the cytotoxicity of oleic acid (section 3.3.1) did not observe a difference in viability between 

vehicle and oleic acid indicating they most likely did not have a synergistic effect on cell 

reductants. These data indicated oleic acid and vehicle were interfering with the CCK8 assay 

and therefore another assay was required to determine the cytotoxicity of metformin in steatotic 

and vehicle control cells. 

To confirm or refute the results of the CCK8 assay and rectify the apparent 

contradiction between visual and WST-8 data, the Live/Dead cytotoxicity assay was 

performed. As Calcein can be converted by multiple esterases within cells it should be less 

susceptible to FFA induced changes in cellular metabolism. Additionally, Ethidium 

Homodimer-1 stains dead cells independent of metabolism and whilst some membrane 

alteration is expected when cells are exposed to FFA it would not be so significant as to 

permit live cells to be stained by a large negatively charged molecule (74). 

The Live/Dead cytotoxicity assay determined metformin was not cytotoxic up to 150 mM. As 

such, no IC50 could be calculated for any treatment condition at any time. Calcein data indicated 

that the number of live cells did not change with exposure to any concentration of metformin, 
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except for a decrease at 150 and 180 mM. These data also did not indicate exposure to vehicle 

or oleic acid affected the cytotoxicity of metformin. The Ethidium Homodimer-1 dye reported 

no substantial increase in the number of dead cells with increasing concentrations of metformin 

at 24, 48 or 72 h of exposure. Although the change in dead cell number may have been below 

the lower limit of detection for this assay, the result was consistent with the Calcein 

data, confirming that the Live/Dead assay determined there was no cytotoxicity of metformin 

up to 180 mM. These data also indicated exposure to vehicle or oleic acid did not alter the 

number of dead cells. 

The percentage of live cells relative to untreated controls, independent of metformin, did not 

appear to change with exposure to vehicle or oleic acid according to the Live/Dead assay as 

cell viability had changed in the CCK8 assay. These data indicate that the vehicle and oleic 

acid were not interfering with the Live/Dead assay. 

The Live/Dead assay confirmed that the observed concentration-dependent effect curves, as 

described by the CCK8 assay, were not representative of the effect of metformin with or 

without oleic acid on cell viability. Rather it was the effect of three compounds known to alter 

cell metabolism on a metabolically based assay of cell viability. Whilst the CCK8 data cannot 

be relied upon to describe the cytotoxicity of metformin, and the Live/Dead assay determined 

no cytotoxicity was observed, the visual data indicates that some concentration-dependent 

effect occurs when Caco-2 cells are exposed to metformin. A means of reconciling the observed 

visual data with the CCK8 and Live/Dead assay is to return to published literature. There is 

evidence to suggest that metformin can exert a cytostatic effect on some colon cancer derived 

cell lines (79). Non-differentiated Caco-2 cells are an adenocarcinoma of the colon and 

metformin, at concentrations 2.5 mM and above, in another colon cancer cell line (HT-29), 

demonstrated cytostatic effects in vitro (80). The data in this study may also support this 

finding. 

The Live/Dead assay is not an absolute cell count and the data presented in this study indicates 

both dyes had relatively poor sensitivity to detect changes in live or dead cell number. If cell 

populations are smaller not due to the death of cells but due to a lower population of cells there 

would be no substantial increase in the numbers of dead cells. If the sensitivity of the assay is 

poor, smaller differences in live cell numbers as a result of an inhibition of proliferation rather 

than cell loss by death, may not be detected. Experiments were conducted in sub-confluent 

cells, which are still in the proliferative phase. Under such conditions the assays in conjunction 
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with the visual data imply metformin alters the number of cells present without causing cell 

death. This would appear to be the cytostatic effect described above. This effect may only be 

relevant for non-differentiated Caco-2 cells that retain their colonic phenotype. 

Irrespective of the observed visual difference between oleic acid and vehicle and untreated 

controls at 72 h, all the previous results indicate that metformin is not obviously toxic at 

concentrations below 5.5 mM. 

4.5 The Intracellular Accumulation of Radiolabelled Metformin in Caco-2 
Cells 

The final aim of this research was to examine the effect of oleic acid on the transport of 

metformin into Caco-2 cells. To this end, several uptake experiments with radiolabelled 

metformin were performed. Several well sizes and types were trialled to determine the best 

conditions for the detection of metformin transport. Transwells and 48 well plates were not 

used for the investigation of metformin kinetics on the basis that the dpm/cm2 was higher in 24 

well plates, indicating a higher sensitivity to detect changes in metformin accumulation.  

The preliminary data obtained from the experiments performed in 3.7 were both similar and 

different from those in literature. Progress curves in the literature, using the same 

concentrations of metformin, reported linear increases in metformin uptake for up to 45 

minutes in differentiated Caco-2 cells at 37 °C (77). In this study untreated and oleic acid 

treated cells appeared to have an approximately linear increase in metformin uptake up to 45 

minutes by which time the curves plateaued indicating transport had saturated. This was an 

expected result with the exception that the vehicle control did not demonstrate any saturation 

even up to 90 minutes at 37 °C. 

It would also be expected that any progress curves conducted at 4 °C would show a linear 

increase in concentration with respect to time, as it accounts for the passive transport within 

the system (81). The cited study did not perform any experiments at 4 °C unlike the work in 

this thesis (77). The 4 °C data did not show a consistent, time dependent, linear increase in 

intracellular accumulation of metformin, rather a linear increase was observed up to 20 

minutes, after which all curves plateaued indicating passive transport had saturated. The 

saturation of transport at 4 °C under all conditions was not an anticipated result.  

Subtracting a 37 °C progress curve from a 4 °C one is standard practice for estimating the 

amount of active transport in a system (81). For these experiments, however, no active transport 
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could be observed confidently before 30 minutes. This is the reason why no nonlinear 

regression was performed on the active transport data; until 30 minutes no clear trends in 

metformin uptake were observed which excluded 5 out of the 8 time points investigated. 

Some variation in the active transport before 30 minutes, when compared to literature, could 

be explained by the differences in transporter expression between non-differentiated Caco-2 

cells and differentiated cells. All the studies of metformin kinetics cited were performed in 

differentiated cells, whereas this study examined the kinetics in non-differentiated cells. During 

Caco-2 cellular differentiation multiple alterations in cell proteins occur, from changes in cell 

proliferation proteins to increases in metabolising enzymes such as CYP (65, 82). Cell 

polarisation also occurs during this period, with the development of microvilli and increased 

transcellular ion transport indicating a transition to a more absorptive phenotype (83). 

Additionally, there is evidence to suggest that the expression of transporters relevant for drug 

uptake change dynamically during the course of Caco-2 cell differentiation (35). The non-

differentiated Caco-2 cells used in this study may have immature transporter populations when 

compared with differentiated cells and a less absorptive phenotype. Changes in intracellular 

metformin amount may be far too small to be detected before 30 minutes of exposure in non-

differentiated Caco-2 cells. 

Whilst no assessment can be made about the impact of oleic acid on active transport before 30 

minutes, the preliminary data suggest that oleic acid did appear to decrease the amount of 

intracellular metformin relative to its vehicle after 90 minutes of metformin exposure. Although 

this difference was not observed with respect to untreated cells. As vehicle (2% ethanol) had 

increased the total amount of metformin accumulated compared with untreated; this shift 

indicates that the vehicle may have had some effect on the transport of metformin that was 

attenuated by oleic acid. 

Ethanol altering the membrane fluidity of the cells in this experiment could explain why the 

vehicle control progress curves did not reach saturation at 37 °C by 45 minutes in the same 

manner as the untreated and oleic acid curves and may explain why metformin accumulated to 

a higher amount compared with oleic acid and untreated controls. Experiments using rabbit 

jejunal brush border vesicles exposed to different alcohols found ethanol had increased vesicle 

Na+ permeability as a measure of increase membrane fluidity (84). Although the cited study 

used concentrations of ethanol greater than used in this study (> 2% v/v), vesicles were only 
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exposed to ethanol for 24 h whereas Caco-2 cells in this study were exposed to ethanol for 72 

h (section 2.8). 

Perturbation of Na+ levels within cells could also potentially alter the function of metformin 

transporters, as the OCT subfamily are Na+ dependent transporters. The PMAT transporter 

relies on the electropotential gradient of the membrane to transport metformin, and CHT is 

weakly Na+ dependent. This may explain why cells treated with vehicle had higher intracellular 

concentrations of metformin than untreated or oleic acid exposed cells. It may also be that the 

passive diffusion of metformin into Caco-2 cells occurs at a greater rate when ethanol has 

decreased membrane fluidity. Both explanations are credible. At 4 °C, in the progress curve 

that described the passive diffusion of metformin into cells, vehicle control had higher levels 

of intracellular metformin than any other treatment condition. In the active transport of 

metformin, vehicle control treated cells had higher intracellular concentrations of metformin 

compared to other treatment conditions. This indicates that the vehicle has most likely altered 

both the passive and active modes of metformin transport. 

As ethanol may alter both the passive and active modes of metformin transport so too may 

oleic acid. It has been established that FFA may passively diffuse into cell membranes through 

coupling with lysophosphatidylcholine leading to membrane integration (74). Furthermore, 

oleic acid at a concentration of 120 µM for 24 h was found to decrease membrane fluidity in 

porcine pulmonary artery endothelial cells (85). It may be that oleic acid simply alters 

membrane fluidity in a manner counter to that of ethanol, thereby decreasing the total amount 

of metformin accumulated. This would explain the lower intracellular metformin concentration 

of oleic acid treated cells relative to vehicle observed in the 4 °C data. 

Changes in the expression of SLC transporters by PPAR and HNF activation by oleic acid may 

also play a role through the mechanisms described previously (section 1.5). Oleic acid exposure 

may downregulate transporter expression to the degree that it decreases the percentage of 

available (0.5 mM) metformin actively accumulated by vehicle exposed cells by 0.081%, a 

result determined statistically significant (P=0.0017). These data suggest that oleic acid is 

altering both the active and passive transport of metformin relative to the vehicle control in a 

contrary manner to ethanol. 

This very small (0.04 mM) difference in metformin concentration between vehicle and oleic 

acid treated cells may not be biologically relevant when looking at the concentration-dependent 

effect on cell viability. Whilst statistically significant, whether this difference has any relevance 
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for cytotoxicity is unlikely. However, if the concentration-dependent response data (section 

4.4) indicate anything, it is that low concentrations of metformin can alter cell metabolism 

without overt cytotoxicity. This very small difference in intracellular metformin concentration 

may have relevance for the therapeutic effect of metformin, as it is now appreciated that the 

enterocyte itself is a key site of action for metformin, and that perturbations in the metabolic 

function of the enterocyte may play a substantial role in the hypoglycaemic effect of metformin. 

Furthermore in the literature, in differentiated Caco-2 the cellular accumulation of metformin 

at 90 minutes, at 37 °C, was between 1,200 and 1,500 pM at a concentration of 0.5 mM (77). 

In this study under the same conditions, the concentration of intracellular metformin in 

untreated cells was 115.48 pM. Considering this substantial difference in metformin 

concentration, and the phenotypic differences between differentiated and non-differentiated 

Caco-2 cells, it is possible that differentiated Caco-2 cells, and therefore enterocytes, would 

accumulate higher intracellular concentrations of metformin and therefore potentially have 

greater perturbations in metabolism. Unfortunately, due to the phenotypic differences between 

enterocytes in vivo and the cells used herein, this experimental model cannot be used to 

effectively study metformin intolerance as a function of active transport in the steatotic small 

intestine. 

4.6 Conclusion 

The aims of this study were threefold: to determine the ability of palmitic and oleic acid to 

induce steatosis in Caco-2 cells, to determine the effect of this steatosis on the cytotoxicity of 

metformin, and to determine the effect of this steatosis on the active transport of metformin 

into Caco-2 cells. Whilst solubility issues prevented the use of palmitic acid at concentrations 

high enough to induce steatosis, oleic acid at a concentration of 1 mM induced steatosis in 

Caco-2 cells. These cells could be successfully stained with oil red O dye to confirm the 

formation of intracellular lipid droplets. Visual investigations of cells exposed to metformin 

concentrations 5.5 mM and above appeared to decrease the number of cells yet no cytotoxicity 

was observed using either the CCK8 or Live/Dead assays. The only indication that oleic acid 

may play a role in increasing the sensitivity of cells to metformin comes from visual 

observations at 72 h and these findings are at odds with the radiolabel transport experiments 

which suggest that oleic acid has decreased the total amount of metformin actively accumulated 

relative to vehicle control. Whilst the aims of this thesis have been achieved, the relevance of 

these results for metformin intolerance are limited. Ultimately, these preliminary findings 
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suggest that FFA induced steatosis may alter the active transport of metformin, and that this 

may be relevant for both the intolerance to and the therapeutic effect of metformin, however 

additional studies performed in differentiated Caco-2 are required to fully explore this area of 

research.  

4.7 Recommendations for Further Studies. 

Future investigations into the distribution of metformin within and through enterocytes should 

be conducted in differentiated Caco-2 cells either grown on flat bottom wells or in transwell 

inserts. This is true for both investigations into the cytotoxicity of metformin and its active 

transport. Experiments investigating the specific activity of individual transporters however 

should acknowledge the heterogeneity of Caco-2 cell transporter expression between 

laboratory cultures as a potential source of variation. Proteomic quantification of the receptor 

populations could contextualise observed results when comparing them to literature. There is 

debate surrounding the relative share of total metformin active transport each protein is 

responsible for that could be ameliorated if the expression of each transporter was compared 

between Caco-2 sub-cultures. More complex systems that replicate the heterogenous histology 

of the gut such as patient derived tissue explants mounted in microfluidic arrays could provide 

a more realistic experimental system. 

Regarding FFA exposure, studies would benefit from determining if BSA or bile salts have a 

measurable impact on the total metformin uptake. Additional studies into steatotic Caco-2 cells 

should include palmitic acid both by itself and with oleic acid in the generation of steatotic 

cells. 

Studies of long term/chronic exposure of 14 days or longer to FFA and metformin should be 

conducted in future experiments as this study only examined acute exposure to oleic acid and 

metformin. Metformin cytotoxicity/cytostatic effect as a result of long-term steatosis mediated 

changes in cell function should be investigated further. It can also be concluded that in this 

model and under these conditions metabolic based assays should not be used. Future studies 

may find other assays of cellular viability, that do not rely on metabolic indicators, useful. 

These include antibody-based methods that specifically tag markers expressed exclusively 

during proliferative phases such as Ki67 based antibody kits or radiolabelled thymidine uptake 

assays. The Sulforhodamine B colourimetric assay, or similar measurement of total protein 
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could also be used. These would provide accurate cell counts independent of alterations in 

reductant ratios or total esterase activity or visual examination. 

Finally, RT-PCR or similar quantitative measurements of gene regulation should be used to 

determine the levels of SLC transporter transcripts in steatotic cells compared to vehicle and 

untreated controls. Likewise, investigations into the transcription factor families PPAR and 

HNF should be undertaken. Commercially available PPAR and HNF antagonists (betulinic 

acid, and BI 6015 respectively) could be used to determine to what extent PPAR and HNF 

activity alter the expression of SLC transporters relevant for metformin kinetics. If the potential 

off-target effects of these antagonists are of concern, knockdown by RNAi or knockout by 

CRISPR or similar gene editing techniques could be used.  
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