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Abbreviations 

 

7-AAD,7-aminoactinomycin D; ANOVA, one-way analysis of variance; APC, 

allophycocyanin; Arg•Glu, arginine glutamate; Arg•HCl, arginine hydrochloride; BSA, 

bovine serum albumin; DC, dendritic cell; EDTA,  ethylenediaminetetraacetic acid; ELISA, 

enzyme-linked immunosorbant assay; FCS, fetal calf serum; FDA, Food and Drug 

Administration; FITC, fluorescein isothiocyanate; FSC-H, forward scatter; GRAS, Generally 

Recognized as Safe; HLA-DR, human leukocyte antigen; IC50, the concentration/osmolality 

required to cause a 50% loss in viability; intercellular adhesion molecule 1, ICAM-1; IL, 

interleukin; LPS, lipopolysaccharide; MFI, mean fluorescence intensity; NaGlu, sodium 

glutamate; PBS, phosphate buffered saline; PI, propidium iodide; SSC-H, side scatter; TLR, 

toll-like receptor; TNF, tumor necrosis factor 
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Abstract  

The effects of an equimolar mixture of L-arginine and L-glutamate (Arg•Glu) on cell 

viability and cellular stress using in vitro cell culture systems are examined with reference to 

NaCl, in the context of monoclonal antibody formulation. Cells relevant to subcutaneous 

administration were selected: the human monocyte cell line THP-1, grown as a single cell 

suspension, and adherent human primary fibroblasts.  For THP-1 cells, the mechanism of cell 

death caused by relatively high salt concentrations was investigated and effects on cell 

activation/stress assessed as a function of changes in membrane marker and cytokine 

(interleukin-8) expression. These studies demonstrated that Arg•Glu does not have any 

further detrimental effects on THP-1 viability in comparison to NaCl at equivalent 

osmolalities, and that both salts at higher concentrations cause cell death by apoptosis; there 

was no significant effect on measures of THP-1 cellular stress/activation. For adherent 

fibroblasts, both salts caused significant toxicity at ~400 mOsm/kg, although Arg•Glu caused 

a more precipitous subsequent decline in viability than did NaCl. These data indicate that 

Arg•Glu is of equivalent toxicity to NaCl and that the mechanism of toxicity is such that cell 

death is unlikely to trigger inflammation upon subcutaneous injection in vivo. 

 

Keywords :  arginine glutamate; excipient; monoclonal antibody; apoptosis; membrane 

markers; inflammation 
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1. Introduction 

Since the licencing by the US Food and Drug Administration (FDA) in 1986 of the first 

monoclonal antibody therapy, a murine IgG2a anti-CD3 antibody for the treatment of solid 

organ transplant rejection, the field has expanded rapidly (Hooks et al., 1991; Singleton, 

2014; Walsh, 2010). These targeted biological therapies are now used for the treatment of a 

range of diseases including rheumatoid arthritis, psoriasis, inflammatory bowel disease and 

cancer (Lynch et al., 2014; Sedger and McDermott, 2014; Pandey and Mahadevan, 2014). 

Indeed, in 2012 three monoclonal antibodies that target the proinflammatory cytokine tumor 

necrosis factor (TNF)-α (adalimumab, infliximab and entanercept) were the world’s top 

selling medicines in that year (Ho and Chien, 2012).  

 

The formulation process in the biopharmaceutical industry requires the quantitative 

characterization of several potential degradation pathways, both covalent (e.g. oxidation, 

deamidation, proteolysis) and non-covalent (e.g. aggregation, unfolding-denaturation, phase 

separation)(Razinkov et al., 2015). The formulation that is selected must impart a long term 

stability to the product, at least over the required shelf-life, storage temperature and shipping 

conditions. It is the composition of the aqueous environment (buffer pH, ionic strength, 

excipient, etc.) that plays a critical role in maintaining the colloidal stability of an antibody in 

solution (Roberts et al., 2015). Various excipients (additives) have been used to optimize 

protein stability of pharmaceutical products and to minimize the extent of aggregation 

(Kamerzell et al., 2011). These include amino acids, such as histidine, arginine, and glycine 

(Arakawa et al., 2007a), sugars, such as trehalose (Kaushik and Bhat, 2003).
 
There are 

several mechanisms by which small molecule excipients are proposed to stabilize proteins, 

including preferential interaction, preferential hydration and excluded volume (Bye et al., 

2014). It is currently not possible to select excipients for a particular mAb formulation a 

priori, although platform approaches in the industry may favor one particular solution 

condition. The identification of one or more excipients to be included in a buffer in order to 

stabilize the protein formulation may be carried out by analysis of data generated by high 

throughput biophysical assays (Cheng et al., 2012). 

 

Arginine is of particular interest as an excipient used to suppress protein aggregation, with 

several groups working on the elucidation of its mechanism of action. The weak interactions 

of arginine with the protein surface are due to its affinity for some amino acid side chains and 

the peptide backbone, but this is balanced by repulsion from the protein surface on account of 
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an increase in the surface tension and volume exclusion effects (a complete review is given 

by Arakawa et al, 2007b). The net effect of the preferential inclusion versus exclusion of 

arginine from the protein surface is dependent on its concentration, with an apparent 

saturation of the protein surface at around 0.5 M, above which arginine is considered to be 

excluded (Schneider and Trout, 2009). In silico modelling suggests that arginine cations 

cluster at certain protein surface patches via interaction with guanidinium and carboxylate 

amino acid side chains (Vagenende et al., 2013). However, the salt forms of excipients 

containing charged groups (or ion-ion pairs) are also known to play an important role in 

determining the mechanism of action in regard to protein stabilization. This is especially true 

for various salt forms of arginine, whose ability to suppress protein aggregation was shown to 

follow the empirical Hofmeister series; phosphate, sulfate and citrate more strongly 

interacting with the arginine cation and suppressing aggregation (Schneider et al., 2011). 

Given the importance of the salt form of arginine, one such excipient currently being 

explored in the area of biopharmaceutics is an equimolar mixture of amino acids L-arginine 

and L-glutamate (Arg•Glu salt).  This excipient has been shown to increase protein solubility 

and stability and has been used in the fields of structural biology and vaccine development 

for some time (Blobel et al, 2011; Golovanov et al., 2004; Mistilis et al., 2015; Vedadi et al., 

2006). These amino acids are a natural constituent of organisms and cells, they are part of 

human diet, and therefore inherently are non-toxic. Initial experiments have indicated that 

Arg•Glu can suppress aggregation of monoclonal antibody preparations induced by increased 

temperatures or pH and was also effective under accelerated stability conditions at weakly 

acidic to neutral pH (Kheddo et al., 2014).  

 

In practice, excipients used for patient-injected formulations, including L-Arg and L-Glu, are 

chosen from the Generally Recognized as Safe (GRAS) category (US Food and Drugs 

Agency [FDA], 1982; Ogaji et al., 2011; Pifferi and Restani, 2003). However, the higher 

Arg•Glu concentrations (e.g. ≥200 mM in the final formulation, Kheddo et al., 2014), which 

may be necessary for optimal protein solubility, increase osmolality and hence may affect cell 

viability in vitro or in vivo or cause cellular stress (Vazquez-Rey and Lang, 2011). Indeed, the 

tolerability of hypertonic injectables has been reviewed recently (Wang, 2015).  For drug 

products intended for subcutaneous injection, the main potential adverse effects were 

identified as enhanced site pain, local irritation and possible tissue damage and it was 

recommended that for drug products intended for subcutaneous injection, the upper 

osmolality limit should be 600 mOsm/kg (Wang, 2015).  Changes to tissue osmolality may 
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also cause activation of local dendritic cells (DC), sentinel cells of the immune system, acting 

as a trigger for inflammation (Gallo and Gallucci, 2013). These cells are activated by so-

called “danger signals” which may derive directly from pathogens or dying host cells and 

also may be associated with perturbations of tissue/cell homeostasis such as changes in 

osmolality. Hypotonicity has been shown to act as a danger signal (Compan et al., 2012) and 

there are also reports that osmotic shock due to hypertonicity induced the production of the 

proinflammatory cytokine interleukin (IL)-8 by human peripheral blood mononuclear cells 

(Shapiro and Dinarello, 1997) and upregulation of macrophage caspase-1 (Ip and Medzhitov, 

2015). 

 

The aim of the current investigations was to examine the effects of increased concentrations 

of Arg•Glu on cell viability and cellular stress using in vitro cell culture systems. Similar 

studies have been conducted previously to investigate the impact of excipients within 

formulations on cell viability (Gursoy et al., 2003; Lee et al., 2013; Ménard et al., 2012; 

Nogueira et al., 2011). Cells of relevance to the subcutaneous route of administration have 

been selected (Kagan, 2014): the human monocyte cell line THP-1 (a surrogate DC line; 

Megherbi et al., 2009), grown as a single cell suspension, and human primary fibroblasts, 

cultured as an adherent monolayer. Thus, the impact on cell viability of increasing 

osmolalities of L-Arg and L-Glu solutions (together and separately) has been examined in 

comparison with the reference standard NaCl.  In addition, for THP-1 cells, the mechanism of 

cell death which these different salts cause at relatively high concentrations has been 

investigated by flow cytometry, allowing differentiation between death by necrosis and death 

by apoptosis (otherwise known as programmed cell death)(Kabakov et al., 2011).  More 

subtle effects of the presence of Arg•Glu on cell activation have been assessed as a function 

of changes in membrane marker expression on activated THP-1 cells (Megherbi et al., 2009).  
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2. Methods 

2.1. Cell line maintenance 

The THP-1 human monocytic leukaemia cell line (Sigma-Aldrich Chemical Co.; Poole, 

Dorset, U.K.) was cultured in RPMI-1640 medium (Sigma) supplemented with 400 μg/mL 

streptomycin, 400 μg/mL penicillin (both from Sigma), 2 mM L-glutamine (GIBCO; Paisley, 

Renfrewshire, UK) and 10 % fetal calf serum (FCS; GE Healthcare, Cambridge, UK). THP-1 

cells were maintained in vented T75 flasks at 37
o
C in an atmosphere of 5% CO2 and split 

every 3-4 days when confluent (>2 x 10
6
 cells/mL). Primary fibroblasts from human explants 

were cultured in DMEM medium (high glucose [4.5 g/L] with 2 mM L-Glutamine; GIBCO) 

supplemented with 400 μg/mL streptomycin, 400 μg/mL penicillin, 2 mM GlutaMax 

(GIBCO), 0.25 µg/mL amphotericin B (Sigma) and 10 % FCS. Fibroblasts were maintained 

in 10 cm culture dishes at 37
o
C/5% CO2 and passaged every 3-4 days when >80 % confluent. 

Cell number was assessed by exclusion of 0.5% trypan blue using a hemocytometer.  

 

2.2. Salts used for generating changes in osmolality 

Stock solutions of cell culture grade arginine glutamate (Arg•Glu) from equimolar mixtures 

of L-Arg (CAS number 74-79-3)  and L-Glu (CAS number 142-47-2), NaCl (CAS number 

7647-14-5), L-arginine hydrochloride (Arg•HCl; CAS number  1119-34-2) and sodium 

glutamate (NaGlu; CAS number  56-86-0) (all from Sigma-Aldrich) were prepared at 2.24 M, 

4.96 M, 4.32 M and 3.9 M, respectively, in RPMI-1640 medium supplemented as described 

above without FCS. The salts of the amino acids (rather than the free bases) were used to 

keep the pH of L-Arg and L-Glu amino acid solutions within physiological range, whereas to 

prepare Arg•Glu, free bases of these amino acids were mixed together. Solutions were 

filtered using a 0.22 micron syringe filter and stored at 4
o
C until use.  

 

2.3. Determination of osmolality of salt solutions 

The osmolality of Arg•Glu, NaCl, Arg•HCl and NaGlu solutions was measured using an 

Osmomat 030-D Cryoscopic Osmometer (Gonotec GmbH, Berlin, Germany) following 

standard operating procedures. A 1 M stock solution formulated in RPMI media was prepared 

for each salt and final concentrations of 5, 100, 150 and 200 mM were prepared for each 

compound for analysis and construction of a standard curve.  

 

2.4. Cell treatments 
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Confluent THP-1 cells were harvested by centrifugation at room temperature (RT) (1000 g 

for 5 min) and re-suspended at 1 x 10
6
 cells/mL in RPMI-1640 medium without FCS in flat-

bottomed 24 well tissue culture plates. Salts were prepared in the same medium at stock 

concentrations and added to cell cultures to achieve the required osmolalities (280-680 

mOsm/kg). Control cells were treated with medium alone. In initial experiments, dose 

responses were conducted. In subsequent experiments, cells were treated with Arg•Glu, 

NaCl, Arg•HCl or NaGlu to achieve the osmolality range (280-680 mOsm/kg) or the 

equivalent concentration range 50-200 mM. In some experiments, positive control cells were 

treated with 0.1 μg/mL lipopolysaccharide (LPS) from Escherichia coli 055:B5 (Sigma). 

Cells were incubated for 4 h or for 24 h at 37
o
C in an atmosphere of 5% CO2. Following the 

incubation, the cells were spun at 1000 g at RT for 5 min and re-suspended in 100 µL 

phosphate buffered saline (PBS; Sigma) without calcium and magnesium salts, for 

determination of cell viability. For phenotypic marker expression the cells were re-suspended 

in 2% bovine serum albumin (BSA; Sigma) in PBS. Supernatants and lysates were also 

harvested for nitric oxide determination. Lysates were obtained by lyzing the cell pellets in 

100 µl of 0.01% Triton X 100 (Sigma).  

 

Confluent fibroblast cells were washed once with PBS and trypsinized with 0.05% trypsin- 

ethylenediaminetetraacetic acid (EDTA; Sigma) for 3-4 min at 37
o
C until the cells detached 

from the plate. Cells were re-suspended in complete DMEM medium and were centrifuged at 

1000 g RT for 5 min. Cells were re-suspended at 2 x 10
5
 cells/mL in complete DMEM 

medium in flat-bottomed 24 well tissue culture plates for 6 h at 37
o
C/5% CO2. The cells were 

then washed with PBS and treated with the salts formulated as described above but in DMEM 

medium without FCS to achieve the required osmolalities for 24 h. Following the incubation, 

the cells were trypsinized with 0.05% trypsin-EDTA and re-suspended in 5 % FCS/PBS to 

determine cell viability.  

 

2.5. Measurement of viability 

Cell viability of both fibroblasts and THP-1 cells was routinely determined by staining of 

cells with 5 μg/mL propidium iodide (PI) immediately prior to analysis. Cells (10
4
) were 

analyzed using a FACSCalibur flow cytometer (Becton Dickinson, Mountain View, CA) and 

FlowJo software (Tree Star Inc., Ashland, OR, USA). Dose response curves were obtained 

and IC50 values (the concentration/osmolality required to cause a 50% loss in viability) 
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calculated using the inbuilt dose-response fitting function with a nonlinear fit analysis in the 

OriginPro software version 9.0. 

 

2.6. Measurement of phenotypic marker expression by flow cytometry 

Following treatment of THP-1 cells, phenotypic marker expression was assessed. Cells were 

re-suspended in 2% BSA in PBS. Approximately 2 x 10
5
 cells were transferred to individual 

wells in round bottomed 96 well tissue culture plates and incubated at 4
o
C for 15 min. The 

cells were washed at 1000 g for 5 min and incubated with the following monoclonal 

antibodies at 4
o
C for 30 min: anti-human leukocyte antigen antibody (HLA-DR; DAKO, 

Glostrup, Denmark), anti-human CD54 antibody and allophycocyanin (APC)-conjugated 

anti-human CD86 antibody (BD PharMingen, Oxford, UK) at a 1 in 50 dilution. Isotype 

controls used were mouse IgG2aκ for anti-human HLA-DR and IgG1κ (BD PharMingen) for 

anti-human CD54 antibody and anti-human CD86 antibody. After incubation, cells were 

washed twice with PBS (1000 g for 5 min) followed by a further 30 min incubation at 4
o
C 

with fluorescein isothiocyanate (FITC)-conjugated F(ab’)2 goat anti-mouse IgG  at a 1 in 50 

dilution (DAKO) for anti-human CD54 and anti-human HLA-DR antibody stained samples; 

cells stained with APC-conjugated anti-human CD86 antibody were incubated with 2% BSA 

in PBS.  Cells were washed as previously described and finally re-suspended in 5% 

FCS/PBS, and analyzed by FACSCalibur. Dead cells were excluded from all analyses by 

staining with 5μg/mL PI immediately prior to analysis for cells stained for CD54 and HLA-

DR; for CD86 staining dead cells were excluded following 5 min incubation with 2 μg/mL of 

7-aminoactinomycin D (7-AAD; BD PharMingen). For each sample, a total of 10
4
 viable 

cells was analyzed.  

 

Flow cytometry data were analyzed using FlowJo v10. Cell debris was eliminated by gating 

on the forward scatter (FSC-H) and side scatter (SSC-H) parameters and gates for marker 

expression were defined on the basis of isotype control staining. The mean fluorescence 

intensity (MFI) and the percentage positive cells were both used as separate indicators of the 

extent of surface marker expression.  

 

2.7. Flow cytometric analyses for apoptosis and cytotoxicity  

The levels of apoptosis/necrosis induced were investigated by staining of THP-1 cells for 

annexin V (TACS
TM 

Annexin V-FITC Apoptosis Detection kits, R&D Systems Europe, 

Abingdon, UK). Following 4 h or 24 h incubation at 37
o
C, the cells were incubated with PI 
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and annexin V-FITC as described in the manufacturer’s protocol and 10
4 

cells were analyzed 

by FACSCalibur and FlowJo. The combination of annexin V-FITC and PI staining allows for 

the differentiation between early apoptotic cells (annexin V
+
/PI

−
), late apoptotic cells 

(annexin V
+
/PI

+
), necrotic cells (annexin V

−
/PI

+
) and viable cells (annexin V

−
/PI

−
) (Dearman 

et al., 2008; Kabakov et al., 2011).  

 

2.8. Analysis of nitric oxide release by Griess assay 

The nitrite concentration from supernatants and lysates harvested at 24 h after initiation of 

THP-1 cell culture was measured by the Griess assay (Tsikas, 2007) according to the 

manufacturer’s instructions (Promega, Southampton). A 6-fold dilution series using the nitrite 

standard (1.56 to 100 µM) was prepared and added to Maxisorb plastic microtiter plates 

(Nunc, Copenhagen, Denmark).  Supernatants and lysate samples were added to the plate and 

1% sulfanilamide in 5% phosphoric acid was added to every well. This was incubated for 10 

min in the dark. N-1-napthylethylenediamine dihydrochloride (0.1%) in milliQ water was 

then added to every well and incubated for a further 10 min in the dark. Optical density at 

550 nm was measured using an automated reader (Multiskan, Flow Laboratories, Irvine, 

Ayrshire, UK). The nitrite concentrations were determined by plotting the nitrite standard 

reference curve and using the associated computer software for microplate-based assays 

(Genesis, Life Sciences International Ltd, Basingstoke UK). 

 

2.9. Analysis of IL-8 secretion by enzyme-linked immunosorbant assay (ELISA)  

The IL-8 content of culture supernatants harvested 24 h after initiation of culture of THP-1 

cells was measured by sandwich ELISA (Duoset mouse IL-8 kit; R & D Systems, Abingdon, 

UK). Maxisorb plastic microtiter plates (Nunc, Copenhagen, Denmark) were used for these 

assays. Briefly, 96-well plates were coated with 0.1 μg/ml mouse anti-human IL-8 antibody 

and incubated overnight at 4°C. 1% BSA in PBS was added to all wells to prevent 

nonspecific binding and the plates were placed on an orbital shaker (300 rpm) for 1 h at room 

temperature. Doubling dilutions of recombinant human IL-8 standard (0.008 to 2 ng/mL) 

were added to triplicate wells and supernatant samples diluted to various extents were added 

in duplicate and plates were incubated for a further 2 h with shaking. Goat anti-human IL-8 

antibody (diluted 1 in 5000) was added to each well and the plates were incubated for 2 h. 

Streptavidin-horseradish peroxidase (diluted 1 in 1000) was added to each well and the plates 

incubated for 30 min in the dark. Between each step, the plates were washed three times with 

0.05% PBS/Tween-20. Optical density at 450 nm was measured using an automated reader 
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(Multiskan).  A standard curve derived with murine recombinant cytokine and associated 

computer software for microplate-based assays (Genesis) were used to calculate the cytokine 

concentration in supernatants.  

 

2.10. Statistical analyses 

The statistical significance of differences in chemical or LPS induced changes in membrane 

marker expression, cytokine secretion and cell viability between experimental and control 

groups were calculated using one-way analysis of variance (ANOVA) with a P-value of 

<0.05 being considered significant.  
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3. Results  

3.1. Effect of Arg•Glu on THP-1 and primary fibroblast cell viability 

In initial experiments, the ion-specific impact of changes in osmolality on viability of the 

THP-1 human monocyte cell line (grown as a cell suspension) was investigated. The 

excipients Arg•Glu, NaCl, Arg•HCl and NaGlu were used over a range of concentrations in 

order to achieve solutions osmolalities in the range of 280-525 mOsm/kg (Fig. 1E). In these 

experiments the salts were added to the standard isotonic cell culture media, bringing the 

cumulative osmolality of solution into the hypertonic range. Cell viability was determined 

using flow cytometry (PI exclusion) and is illustrated as percentage viable cells for each 

treatment with respect to both solution osmolality (Fig. 1A) and solution concentration (Fig. 

1B). Baseline viability (in the presence of media alone) for THP-1 cells was ~ 90%. 

Increasing the cumulative osmolality of the culture media with Arg•Glu, NaCl and NaGlu 

caused a decrease in cell viability, with toxicity profiles that were virtually superimposable 

with ~50% toxicity recorded at 450 mOsm/kg. However, treatment with Arg•HCl caused a 

more marked loss in cell viability at much lower cumulative osmolalities, with ~45% toxicity 

observed at 380 mOsm/kg. To facilitate direct comparison of the relative amount of each ion 

required to cause significant toxicity, the same cytotoxicity data are displayed also as a 

function of the concentrations of the individual salts added to the isotonic media (Fig. 1B). 

This comparison shows that on a mole per mole basis, the toxicity profiles of NaGlu and 

Arg•Glu are superimposable, whereas Arg•HCl and NaCl cause losses in cell viability at 

lower concentrations (~50% toxicity at 100mM). In contrast, the impact on cell viability of 

addition of Arg•Glu at concentrations below 100 mM is minimal.  

 

A somewhat different picture was seen when parallel experiments were conducted with 

adherent primary human fibroblasts. Fibroblast cells were cultured at 2 x 10
5
 cells/mL with a 

range of osmolalities (280-620 mOsm/kg) of the various salts for 24 h and the cell viability 

was determined by PI staining using flow cytometry; data are illustrated with respect to 

osmolality (Fig. 1C) and concentration (Fig. 1D). For all salts there was a dose dependent 

decrease in cell viability (reaching statistical significance between 385 and 425 mOsm/kg) 

and for some salts (Arg•Glu and NaCl) there was a residual population of ~20% that 

remained viable. With respect to osmolality changes, the cytotoxicity profiles of Arg•Glu and 

Arg•HCl showed a rapid decrease in viability from 400 mOsm/kg and above, which was very 

similar to the dose response observed for THP-1 cells. Fibroblasts were more resistant to the 

effects of NaCl and NaGlu, were a slower decline in viability was observed until ~525 
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mOsm/kg, which was followed by a very rapid drop in viability (Fig. 1C). However, on a 

molar concentration basis, all salts with the exception of NaGlu displayed equivalent toxicity 

over the range of concentrations examined (50-200 mM) (Fig. 1D).  These data indicate that 

for the adherent fibroblast cell line, Arg•Glu and Arg•HCl have some effects on cell viability 

due to factors in addition to osmolality.  

 

An alternative way of representing these data for comparative purposes is to calculate the 

concentration/osmolality that results in a 50% loss of viability, an IC50 value (Table 1) for 

each salt. For THP-1 cells, the IC50 values confirmed that with respect to osmolality, 

Arg•Glu, NaCl, and NaGlu had similar effects on viability (values ranging from 449.1 and 

474.3 mOsm/kg) whereas the IC50 value for Arg•HCl was considerably lower (360.6 

mOsm/kg). With respect to molar concentration, however, IC50 values for NaCl and 

Arg•HCl were considerably lower (<100mM) than those recorded for NaGlu and Arg•Glu.   

For fibroblast cells, IC50 values for osmolality confirmed that these cells were more 

susceptible to Arg•Glu and Arg•HCl than to NaCl and NaGlu. On a mole for mole basis, 

similar IC50 values (ranging from 119.1 to 128.0 mM) were recorded for all of the salts with 

the exception of NaGlu (171.1 mM).       

 

Interestingly, as the independent osmolality measurements show (Fig. 1E), in practice the 

increase in osmolality versus concentration of salt added (Arg•Glu, NaCl, Arg•HCl and 

NaGlu) is highly dependent on the nature of the salt, likely due to differences in their degree 

of dissociation at equal concentrations. The NaCl salt results in the highest increase in 

osmolality of the solution, and the Arg•HCl salt the least, for each given concentration of salt. 

Thus, considerably higher concentrations of Arg•Glu, Arg•HCl and NaGlu are required to 

achieve osmolalities equivalent to NaCl (Fig. 1E).   

 

In summary, the key findings here were that the effects on cell viability were largely 

consistent with changes in osmolality.  However, for Arg•Glu and Arg•HCl with the adherent 

cells and for Arg•HCl with the THP-1 cells, the effects were not solely attributable to 

osmolality changes. In subsequent experiments, the focus was on THP-1 cells due to the 

ability of these cells to act as indicator cells and to respond to danger signals (Gallo and 

Gallucci, 2013; Megherbi et al., 2009).  

 

3.2. Toxicity of L-Arg salts for THP-1 cells is not due to nitric oxide production 
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A potential mechanism for the additional impact of hypertonic Arg•HCl on THP-1 cell 

viability, over and above the effects of changes in osmolality, was explored. It was 

hypothesized that the more profound cytotoxic effect of Arg•HCl could be due to the release 

of nitric oxide by the cells in the presence of Arg•HCl, as arginine is a substrate for the 

formation of nitric oxide (Chen et al., 2013; Chou et al., 2010; Pekarova et al., 2013). 

Therefore, the effects of the addition of Arg•Glu, NaCl, Arg•HCl and NaGlu on nitric oxide 

production by THP-1 cells were examined (Fig. 2). Cells were cultured for 24 h in the 

presence of 50 or 100 mM concentrations of the salts, the latter condition under which 

Arg•HCl caused marked toxicity, and supernatants and cell lysates analyzed for secreted and 

intracellular levels of nitric oxide, respectively, by Greiss assay. Although the nitric oxide 

content of supernatants derived from cells following treatment with the various salts was 

variable (~60% to 140% of control values of 1 µM), such differences were not statistically 

significant. In contrast, statistically significant decreases in the nitric oxide content of lysates 

(intracellular nitric oxide content) were recorded for all treatments (ranging from ~30% to 

40% of control values of 1.2 µM). However, the divergent cytotoxicity profile recorded for 

Arg•HCl compared to the other salts could not be reconciled on the basis of nitric oxide 

production. 

 

3.3. Mechanism of cell death caused by hypertonic addition of salts to THP-1 cells 

In initial experiments (cf Fig. 1) cell viability was assessed using PI staining which 

distinguishes dead (necrotic) cells from live cells. In those experiments, Arg•Glu and NaGlu 

showed very similar toxicity profiles with respect to solution osmolality and cell death to that 

which was observed for the reference excipient, NaCl. However, to further characterize the 

extent and pattern of cell death occurring, and to confirm that the mechanism of cell death 

was indeed similar between Arg•Glu and NaCl, a combination of PI and annexin V-FITC 

staining was used. This combination allows for the distinction between early apoptotic cells 

(annexin V-FITC positive), late apoptotic cells (annexin V-FITC and PI positive), necrotic 

cells (PI positive) and viable cells (unstained) (Kabakov et al., 2011). THP-1 cells were 

treated with 50-200 mM concentrations of the salts, or with medium alone, for 4 h or 24 h, 

stained with annexin V-FITC and PI and analyzed using a FACSCalibur flow cytometer (Fig. 

3 and 4).  These time points were chosen on the basis of preliminary kinetics experiments that 

revealed that after 2 h incubation there was little impact on THP-1 cell viability or apoptosis, 

whereas after 4 h, significant effects were observed at concentrations of >150 mM (data not 

shown). The 24 h time point was utilized to determine whether  lower concentrations 
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(<100mM) of salts that were without effect on cell viability as measured by PI exclusion at 

this time point (cf Figure 1) had more subtle effects on apoptosis. Representative quadrant 

plots are displayed in Fig. 3, illustrating the gating strategy and showing examples of 

predominantly viable cells (Fig. 3A, 94.5% cells in lower left quadrant), populations of early 

and late apoptotic cells (Fig. 3B; 33% and 42%, respectively, in the lower and upper right 

quadrants), predominantly late apoptotic cells (Fig. 3C; 85.5% of cells in upper right 

quadrant) and populations containing necrotic cells (Fig. 3D; 15.5% cells in the upper left 

quadrant).  

 

Culture of THP-1 cells with 50 or 100 mM of the salts for 4 h had little impact on cell 

viability (Fig. 4A-D), although there was a significant loss in viability for all 4 salts at 

concentrations of 150 mM and above. This was generally paralleled by increased numbers of 

late apoptotic and necrotic cells, with the exception of NaGlu, which caused a more marked 

loss in viability than did the other salts, and this was paralleled by an increased frequency of 

early apoptotic cells (Fig. 4B). After 24 h in culture, only the 50 mM concentration of each of 

the salts was without significant effects on cell viability. In each case at doses of 100 mM and 

above there was a significant drop in the frequency of viable cells which was reflected by a 

corresponding significant increase in late apoptotic cells, with no marked changes in early 

apoptotic or necrotic cells (Fig. 4E-H). Consistent with the previous data (cf Fig. 1B) where 

viability was assessed simply as a function of PI exclusion, for a given concentration of salt, 

NaCl and Arg•HCl were considerably more cytotoxic than NaGlu or Arg•Glu and this 

resulted in increased numbers of late apoptotic cells.   

 

These data demonstrate that the mechanism of cell death is very similar between NaCl and 

Arg•Glu, with loss of viability being paralleled in both cases by increased frequency of late 

apoptotic cells with little evidence of early apoptotic or necrotic cells. 

  

3.4. Impact of hypertonic concentrations of salts on markers of THP-1 cell activation 

It is clear from the experiments described thus far that high concentrations (>150 mM) of 

Arg•Glu and other ions impact markedly on cell viability over a 24 h culture period. In 

subsequent experiments, more subtle effects on the activation status of the cells were 

explored under conditions where the impact on cell viability was marginal. Changes in 

membrane marker (CD54, HLA-DR and CD86) expression were measured on resting THP-1 

cells and cells stimulated with the toll-like receptor (TLR) 4 ligand LPS, a polyclonal 
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activator of monocytes (Rossol et al., 2011). Resting THP-1 cells were ~20% CD54+ve, 60% 

HLA-DR+ve and <5% CD86+ve. Treatment with LPS increased significantly the frequency 

of CD54+ve cells (to ~90%) and also upregulated the level of expression (increasing MFI 

from ~60 au to 360 au) but was without marked effect on levels of the other markers. The 

presence of the various salts was also without impact on resting levels of HLA-DR and CD86 

(data not shown). With respect to CD54 expression, 50 mM of the salts were largely without 

effect on either the frequency of positive cells or the extent of expression, whereas 100 mM 

of each of the salts tended to cause a small increase (to ~40%) in the proportion of CD54+ 

cells and a slight increase in MFI to ~120 au for NaCl. However, none of these small changes 

reached statistical significance (Fig. 5A and B). Finally, the impact of Arg•Glu and NaCl on 

production of the proinflammatory cytokine IL-8 was examined. Cells cultured with medium 

alone did not secrete detectable levels of IL-8 (<0.1 ng/mL) whereas culture in the presence 

of LPS induced detectable cytokine expression (~1 ng/mL) (Fig. 5C). There was some inter-

experimental variation, but treatment with a range of concentrations of Arg•Glu or NaCl did 

not result in significant cytokine production.  
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4. Discussion 

The impact of the excipient Arg•Glu and other related salts on cell viability and cellular stress 

using in vitro cell culture systems has been examined.  These studies have demonstrated that 

Arg•Glu does not have any further detrimental effects on viability of the monocyte (DC 

surrogate) THP-1 cell line in comparison to NaCl at equivalent osmolalities, and that 

relatively high concentrations of both salts cause cell death by apoptosis. In contrast, 

Arg•HCl was more toxic to this cell line at equivalent osmolalities. For human primary 

fibroblasts that grow as an adherent monolayer, all salts caused significant toxicity at 385 and 

425 mOsm/kg, although Arg•Glu and Arg•HCl caused a more precipitous subsequent decline 

in viability than did NaCl or NaGlu. These data suggest that salts containing arginine have an 

impact on cell viability of adherent cells that is in addition to effects due to hypertonicity and 

that in the case of Arg•Glu can only be partially ameliorated by the presence of Glu. There 

was some indication that the arginine containing salts affected cell adherence/morphology of 

the primary human fibroblasts (data not shown). Indeed there is some precedent for 

hypertonicity impacting on the cytoskeleton, with adherent human monocytes and 

macrophages showing changes in microtubule organisation upon hypertonic stress 

(400mOsm/kg NaCl)(Nunes et al., 2013). It is of interest that the polystyrene tissue culture 

plates in which the primary human fibroblasts are cultured are treated to increase 

hydrophilicity of the polystyrene and ensure a negative charge, conditions which promote cell 

adherence (Curtis et al., 1983). It may be that the positively charged arginine ion in the 

Arg•Glu and Arg•HCl preparations interfere with this interaction through salt screening of 

the net surface charge.    

 

It is of interest that in the nonadherent indicator cell line (THP-1), Arg•HCl was more toxic 

than the other salts, for a given osmolality. For the nonadherent cell line, the presence of Glu 

in the Arg•Glu  preparation reduced this toxicity. One possible explanation for this increased 

toxicity was that arginine was acting as a substrate for the formation of nitric oxide (Chen et 

al., 2013; Chou et al., 2010; Pekarova et al., 2013), which interacts with superoxide radicals 

to form peroxynitrite, causing oxidative damage to cells (Calcerrada et al., 2011). Clearly the 

THP-1 cells were able to secrete detectable nitric oxide (~1 µM was measured in the 

supernatants, levels some 50-fold higher than that recorded in the absence of cells), amounts 

similar to those recorded previously for the same cell line under the same culture conditions 

(~ 2.5 M)(Garg et al., 2005). Interestingly, there was no differential effect of arginine on 

nitric oxide production. However, all salts caused a significant decrease in intracellular nitric 
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oxide, even under conditions (50 mM) where there was no effect on viability, suggesting that 

this may be due to hypertonicity. Indeed, it has been reported previously in other cell types 

(muscle cells and in cartilage) that exposure to hypertonic concentrations of NaCl and 

sucrose or mannitol results in reduced levels of nitric oxide and the enzyme inducible nitric 

oxide synthase (Le et al., 2006; Pingle et al., 2003). Thus, hypertonicity per se may trigger 

decreases in expression of nitric oxide. It should be noted that the assay utilized herein is an 

approximation of nitric oxide content, as it measures nitrite (NO
2–

) only, which is one of two 

primary, stable and nonvolatile breakdown products of nitric oxide, the other being nitrate 

(NO
3-

)(Tsikas, 2007). The mechanism by which Arg•HCl is more toxic for the nonadherent 

cell line than the other salts is unclear at present, however,  the presence of Glu in the 

Arg•Glu mixture appears to ameliorate this toxicity.  

 

The experiments conducted herein have demonstrated that hypertonic stress induced by all 4 

salts tested resulted in cell death by apoptosis (with the majority of cells in the late apoptotic 

stage by 24 h) with very little necrosis occurring at any concentration. This is a key finding 

given the fact that cells that die by necrosis expel their contents when lyse, including 

inflammatory cytokines that stimulate further pro-inflammatory responses (Rock and Kono, 

2008). In contrast, cells that die by apoptosis are compacted into apoptotic bodies as a 

mechanism to avoid immune activation and instead are phagocytosed (Bierman et al, 2013). 

One of the earliest signs of apoptosis is the translocation of the membrane phospholipid 

phosphatidylserine from the inner to the outer leaflet of the plasma membrane. This molecule 

is recognized by phagocytes, triggering phagocytosis and also the production of anti-

inflammatory cytokines, resulting in efficient removal of the dying cell without 

inflammation. In the flow cytometric analyses of apoptosis, it is the expression of this cell 

surface phosphatidylserine that is detected by the binding of the fluorescently labelled ligand 

annexin V (Kabakov et al., 2011). Although there have been suggestions that late apoptotic 

cells more closely resemble necrotic cells, due to their compromised cell membranes, in fact 

it has been shown that both early and late apoptotic cells induce the differential signalling 

pathways in macrophages compared with necrotic cells and that intracellular contents 

released from late apoptotic cells are neutral and not proinflammatory (Patel et al., 2006). 

The fact that all of the salts examined caused death by apoptosis is not simply a feature of the 

target THP-1 cell, as it has been demonstrated previously that under the right conditions, such 

as stimulation with bacterial toxins, THP-1 cells do undergo necrosis (Melehani et al., 2015). 

It is of interest that all of the salts caused cell death by the same mechanism and with similar 
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kinetics. This suggests that induction of apoptosis is a common feature of hypertonic insult 

which is consistent with previous studies in which hyperosmotic stress has been shown to 

induce apoptosis, particularly in kidney cells (Alfieri and Petronini, 2007).  There are fewer 

studies in which monocyte or DC populations have been investigated, but here too the 

mechanism of monocyte cell death induced by osmolytes such as NaCl and mannitol at 500 

mOsm/kg has been shown to be apoptosis (Gastaldello et al., 2008). To our knowledge there 

have been no previous studies on the mechanism of Arg•Glu induced cytotoxicity. Thus, all 

the salts including Arg•Glu induce the THP-1 cells to undergo apoptosis, in which case this is 

not expected to result in inflammation. 

 

More subtle effects of the salts on the THP-1 indicator cell line were explored: the impact on 

markers of cellular stress/cell maturation such as changes in expression of the membrane 

marker CD54 (intercellular adhesion molecule-1; ICAM-1) and production of the pro-

inflammatory cytokine IL-8. ICAM-1 is an adhesion molecule that is a member of the 

immunoglobulin superfamily with functions that relate to its role in cell adhesion and 

migration (Simmons, 1995). Its ligands include the matrix factor hyaluronan and lymphocyte 

function-associated antigen-1 on T cells; interaction with its T cell ligand provides 

costimulation and therefore activation of the adaptive immune response (Simon et al., 1991). 

IL-8 is an inducible chemokine whose production is stimulated in various cell types by other 

proinflammatory cytokines such as IL-1 and TNF-α. IL-8 plays a key role in acute 

inflammation, being the main chemotactic factor for neutrophils, the most important 

phagocytic cell in many different types of inflammatory reaction and may also play a role in 

macrophage and fibroblast chemotaxis (Harada et al., 1994). These two markers have been 

shown to be indicative of the activation of DC-like cells such as the THP-1 cell line. Thus, 

TLR ligands including TLR1, TLR2 and TLR4 each caused increased ICAM-1 expression 

and IL-8 secretion by THP-1 cells (Lee et al., 2011; Spachidou et al., 2007). Furthermore, 

less vigorous stimuli, such as chemicals that have the ability to cause contact allergy, a T cell 

mediated delayed type hypersensitivity in the skin, upregulate the same markers on THP-1 

cells in culture (Megherbi et al., 2009; Tuschl and Kovac, 2001). In the experiments 

described herein, consistent with the published data, stimulation of THP-1 cells with the 

TLR4 ligand LPS resulted in the expected up-regulation of these markers, with increases in 

both the number of ICAM-1 positive cells and the amount expressed per cell. In contrast, 

treatment with the salts was without marked effects on expression of the membrane marker or 

cytokine expression; for both Arg•Glu and NaCl there were similar, but variable, low level 
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effects on both markers that did not reach statistical significance. There is some evidence 

with other cell lines that hyperosmolality may impact on cytokine expression, particularly for 

endothelial and epithelial cell lines. Thus, hypertonic concentrations of NaCl and mannitol 

increased IL-8 expression by Caco-2 and HT-29 cells (human intestinal epithelial cell lines) 

and by bronchial epithelial cells (NCl-H292)(Hashimoto, et al., 1999; Hubert et al., 2004; 

Nemeth et al., 2002). In both cell types, induction of IL-8 was via a p38 mitogen-activated 

protein kinase. Interestingly, for the human intestinal epithelial cell lines, hypo-osmolality 

(163 mOsm/L NaCl) was considerably more stimulatory than was hyperosmolality (496 

mOsm/L NaCl) with respect to cytokine induction (Hubert et al., 2004).  It could be argued 

that for tissues such as the gastrointestinal tract, exposure to marked fluctuations in 

osmolarity is a feature of normal physiology and as such these cells are required to sense and 

respond to such changes (Brocker et al., 2012). In contrast, there are far fewer reports 

regarding the response of monocytes/macrophages or DC to hyperosmotic stress (induced by 

either NaCl or glycerol/mannitol), and conflicting results have been generated. It has been 

reported that hypertonicity had no impact on basal IL-8 release and inhibited LPS-induced 

expression of this cytokine by freshly isolated human blood monocytes (Brulez et al., 1999), 

whereas others report that human peripheral blood mononuclear cells respond to NaCl by 

upregulating IL-8 and IL-1β, the latter at the level of message only (Shapiro and Dinarello, 

1997). Furthermore, it has been demonstrated that hypotonicity, but not hypertonicity, 

activates macrophage and monocyte caspase 1 (IL-1β processing enzyme) and induces IL-1β 

release as a result of cell swelling (Compan et al., 2012; Perregaux et al., 1996). Conflicting 

data have been reported, with hyper-osmotic stress upregulating caspase 1, but here 

macrophages were primed with LPS (Ip and Medzhitov, 2015). As such, the experiments 

reported herein confirm that in the absence of priming, hypertonicity caused by Arg•Glu or 

NaCl fails to impact significantly on monocyte IL-8 production,  over a range of doses that 

spanned concentrations that impacted on cell viability. In regard of excipient concentrations, 

it should be remembered that immediately following subcutaneous injection the vehicle in 

which the drug is formulated disperses. This exchange into a physiological medium, with 

concomitant decrease in excipient concentration, may have biophysical consequences and the 

in vivo local cellular response is yet to be determined (Kinnunen and Mrsny, 2014). 

 

In conclusion, adherent and nonadherent cell lines exhibit very similar toxicity profiles for 

Arg•Glu, and for the nonadherent cell line, the data are consistent with the toxicity being due 

to changes in osmolality. In common with hypertonic concentrations of NaCl, the mechanism 
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of cell death is via apoptosis and is thus not pro-inflammatory, which is confirmed by the 

negative findings for markers of cellular stress or activation (membrane marker and 

proinflammatory cytokine expression). Taken together these data indicate that Arg•Glu is of 

equivalent toxicity to NaCl  and that the use of Arg•Glu as an excipient for subcutaneous 

injection is not expected to result in atypical inflammation.     

 

 

 

 

 

 

Acknowledgements 

PK is supported by a Bioprocessing Research Industry Club (BRIC) PhD studentship 

BB/K004379/1 from the UK Biotechnology and Biological Sciences Research Council 

(BBSRC) and MedImmune, Cambridge, UK.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



AC
C

EP
TE

D
 M

AN
U

SC
R

IP
T

ACCEPTED MANUSCRIPT

22 
 

References  

Alfieri, R.R., Petronini, P.G., 2007. Hyperosmotic stress response: comparison with other  

cellular stresses. Pflugers Arch. 454, 173-185.  doi: 10.1007/s00424-006-0195-x. 

 

Arakawa, T., Ejima, D., Tsumoto, K., Obeyama, N., Tanaka, Y., Kita, Y., Timasheff, S. N., 

2007a. Suppression of protein interactions by arginine: a proposed mechanism of the arginine 

effects. Biophys. Chem. 127, 1-8. doi: 10.1016/j.bpc.2006.12.007. 

 

Arakawa, T., Tsumoto, K., Kita, Y., Chang, B., Ejima, D., 2007b. Biotechnology applications 

of amino acids in protein purification and formulations. Amino Acids 33, 587-605. doi: 

10.1007/s00726-007-0506-3. 

 

Biermann, M., Maueröder, C., Brauner, J.M., Chaurio, R., Janko, C., Herrmann, M., Muñoz, 

L.E., 2013. Surface code--biophysical signals for apoptotic cell clearance. Phys. Biol. 10, 

065007. doi: 10.1088/1478-3975/10/6/065007. 

 

Blobel, J., Brath, U., Bernadó, P., Diehl, C., Ballester, L., Sornosa, A., Akke, M., Pons, M., 

2011. Protein loop compaction and the origin of the effect of arginine and glutamic acid 

mixtures on solubility, stability and transient oligomerization of proteins. Eur. Biophys. J. 40, 

1327-1338. doi: 10.1007/s00249-011-0686-3. 

 

Brocker, C., Kuhlee, A., Gatsogiannis, C., Balderhaar, H. J., Honscher, C., Engelbrecht-

Vandre, S., Ungermann, C. and Raunser, S. (2012). Molecular architecture of the 

multisubunit homotypic fusion and vacuole protein sorting (HOPS) tethering complex. Proc. 

Natl. Acad. Sci. U S A. 109, 1991-1996. doi: 10.1073/pnas.1117797109 

 

Brulez, H.F., ter Wee, P.M., Snijders, S.V., Donker, A.J., Verbrugh, H.A., 1999. 

Mononuclear leucocyte function tests in the assessment of the biocompatibility of peritoneal  

dialysis fluids. J. Clin. Pathol. 52, 901-909. doi: 10.1136/jcp.52.12.901. 

 

Bye, J.W., Platts, L., Falconer, R.J., 2014. Biopharmaceutical liquid formulation: a review of 

the science of protein stability and solubility in aqueous environments. Biotech. Lett. 36, 869-

875. doi: 10.1007/s10529-013-1445-6. 



AC
C

EP
TE

D
 M

AN
U

SC
R

IP
T

ACCEPTED MANUSCRIPT

23 
 

Calcerrada, P., Peluffo, G., Radi, R., 2011.  Nitric oxide-derived oxidants with a focus on 

peroxynitrite: molecular targets, cellular responses and therapeutic implications. Curr. Pharm. 

Des. 17, 3905-3932. doi: 10.2174/138161211798357719. 

 

Chen, F., Lucas, R., Fulton, D., 2013. The subcellular compartmentalization of arginine 

metabolizing enzymes and their role in endothelial dysfunction. Front. Immunol. 4, 184. 

doi: 10.3389/fimmu.2013.00184. 

 

Cheng, W.Q., Joshi, S.B., He, F., Brems, D.N., He, B., Kerwin, B.A., Volkin, D.B., 

Middaugh, C.R., 2012. Comparison of high-throughput biophysical methods to identify 

stabilizing excipients for a model IgG2 monoclonal antibody: Conformational stability and 

kinetic aggregation measurements. J. Pharm. Sci. 101, 1701-1720. doi: 10.1002/jps.23076. 

 

Chou, S.Y., Hsu, C.S., Hsu, M.Y., Liang, S.J., Yeh, C.L., Yeh, S.L., 2010. Effects of 

different arginine concentrations on angiogenic protein production induced by HeLa cells. 

Nutrition 26, 818-822. doi: 10.1016/j.nut.2009.08.004. 

 

Compan, V., Baroja-Mazo, A., López-Castejón, G., Gomez, A.I., Martínez, C.M., Angosto, 

D., Montero, M.T., Herranz, A.S., Bazán, E., Reimers, D., Mulero, V., Pelegrín, P., 2012. 

Cell volume regulation modulates NLRP3 inflammasome activation. Immunity 37, 487-500. 

doi: 10.1016/j.immuni.2012.06.013. 

 

Curtis, A.S., Forrester, J.V., McInnes, C., Lawrie, F., 1983. Adhesion of cells to polystyrene 

surfaces. J. Cell Biol. 97, 1500-1506. 

 

Dearman, R.J., Cumberbatch, M., Portsmouth, C., Maxwell, G., Basketter, D.A., Kimber I., 

2008. Synergistic effects of chemical insult and toll-like receptor ligands on dendritic cell 

activation. Toxicol. In Vitro 222, 1927-1934. doi: 10.1016/j.tiv.2008.09.012. 

 

Gallo, P.M., Gallucci, S., 2013. The dendritic cell response to classic, emerging, and 

homeostatic danger signals. Implications for autoimmunity. Front. Immunol. 4, 138. doi: 

10.3389/fimmu.2013.00138. 

 



AC
C

EP
TE

D
 M

AN
U

SC
R

IP
T

ACCEPTED MANUSCRIPT

24 
 

Garg, R., Gupta, S.K., Tripathi, P., Naik, S., Sundar, S., Dube, A., 2005. Immunostimulatory 

cellular responses of cured Leishmania-infected patients and hamsters against the integral 

membrane proteins and non-membranous soluble proteins of a recent clinical isolate of 

Leishmania donovani. Clin. Exp. Immunol. 140, 149-156. doi: 10.1111/j.1365-

2249.2005.02745.x. 

 

Gastaldello, K., Husson, C., Dondeyne, J.P., Vanherweghem, J.L., Tielemans, C., 2008. 

Cytotoxicity of mononuclear cells as induced by peritoneal dialysis fluids: insight into 

mechanisms that regulate osmotic stress-related apoptosis. Perit. Dial. Int.  28, 655-666. 

 

Golovanov, A.P., Hautbergue, G.M., Wilson, S.A., Lian, L.Y., 2004. A simple method for 

improving protein solubility and long-term stability. J. Am. Chem. Soc. 126, 8933-8939. 

doi: 10.1021/ja049297h. 

 

Gursoy, N., Garrigue, J.S., Razafindratsita, A., Lambert, G., Benita, S., 2003. Excipient 

effects on in vitro cytotoxicity of a novel paclitaxel self-emulsifying drug delivery system. J. 

Pharm. Sci. 92, 2411-2418. doi: 10.1002/jps.10501. 

 

Harada, A., Sekido, N., Akahoshi, T., Wada, T., Mukaida, N., Matsushima, K., 1994. 

Essential involvement of interleukin-8 (IL-8) in acute inflammation. J. Leukoc. Biol. 56, 559-

564. 

 

Hashimoto, S., Matsumoto, K., Gon, Y., Nakayama, T., Takeshita, I., Horie, T., 1999. 

Hyperosmolarity-induced interleukin-8 expression in human bronchial epithelial cells 

through p38 mitogen-activated protein kinase. Am. J. Respir. Crit. Care Med, 159, 634-640. 

doi:10.1124/jpet.107.135871. 

 

Ho, R.J., Chien, J.Y., 2012.  Drug delivery trends in clinical trials and translational 

medicine: growth in biologic molecule development and impact on rheumatoid 

arthritis, Crohn's disease, and colitis. J. Pharm. Sci. 101, 2668-1074.  doi: 10.1002/jps.23154. 

 

Hooks, M.A., Wade, C.S., Millikan, W.J., 1991. Muromonab CD-3: a review of its 

pharmacology, pharmacokinetics, and clinical use in transplantation. Pharmacotherapy 11, 

26-37. doi: 10.1002/j.1875-9114.1991.tb03595.x. 



AC
C

EP
TE

D
 M

AN
U

SC
R

IP
T

ACCEPTED MANUSCRIPT

25 
 

 

Hubert, A., Cauliez, B., Chedeville, A., Husson, A., Lavoinne, A., 2004. Osmotic stress, a 

proinflammatory signal in Caco-2 cells. Biochimie 86, 533-541. 

doi:10.1016/j.biochi.2004.07.009. 

  

Ip, W.K., Medzhitov, R., 2015. Macrophages monitor tissue osmolarity and induce 

inflammatory response through NLRP3 and NLRC4 inflammasome activation. Nat. 

Commun. 6, 6931. doi: 10.1038/ncomms7931. 

 

Kabakov, A.E., Kudryavtsev, V.A., Gabai, V.L., 2011. Determination of cell survival or 

death. Methods Mol. Biol. 787,  231-244.  doi: 10.1007/978-1-61779-295-3_17. 

 

Kagan, L., 2014. Pharmacokinetic modeling of the subcutaneous absorption of therapeutic 

proteins. Drug Metab. Dispos. 42, 1890-1905. doi: 10.1124/dmd.114.059121.  

 

Kamerzell, T.J., Esfandiary, R., Joshi, S.B., Middaugh, C.R., Volkin, D.B., 2011. 

Protein-excipient interactions: mechanisms and biophysical characterization applied to 

protein formulation development. Adv. Drug Deliv. Rev. 63, 1118-1159. doi: 

10.1016/j.addr.2011.07.006. 

 

Kaushik, J.K., Bhat, R., 2003. Why is trehalose an exceptional protein stabilizer? An analysis 

of the thermal stability of proteins in the presence of the compatible osmolyte trehalose. J. 

Biol. Chem. 278, 26458-26465. doi:10.1074/jbc.M300815200. 

 

Kheddo, P., Tracka, M., Armer, J., Dearman, R.J., Uddin, S., van der Walle, C.F., 

Golovanov, A.P., 2014. The effect of arginine glutamate on the stability of monoclonal 

antibodies in solution. Int. J. Pharm. 473, 126-133.  doi: 10.1016/j.ijpharm.2014.06.053.  

 

Kinnunen, H.M., Mrsny, R.J., 2014. Improving the outcomes of biopharmaceutical delivery 

via the subcutaneous route by understanding the chemical, physical and physiological 

properties of the subcutaneous injection site. J. Control. Rel. 182, 22-32. 

doi:10.1016/j.jconrel.2014.03.011. 

 



AC
C

EP
TE

D
 M

AN
U

SC
R

IP
T

ACCEPTED MANUSCRIPT

26 
 

Le, D., Hofbauer, M.A., Towle, C.A., 2006.  Differential effects of hyperosmotic challenge 

on interleukin-1-activated pathways in bovine articular cartilage. Arch. Biochem. Biophys. 

445, 1-8. doi:10.1016/j.abb.2005.11.012. 

 

Lee, J., Lin, E.W., Lau, U.Y., Hedrick, J.L., Bat, E., Maynard, H.D., 2013. Trehalose 

glycopolymers as excipients for protein stabilization. Biomacromolecules 14, 2561-2569. 

 doi:  10.1021/bm501365a. 

 

Lee, S.M., Kim, E.J., Suk, K., Lee, W.H., 2011. CD300F blocks both MyD88 and TRIF-

mediated TLR signaling through activation of Src homology region 2 domain-containing 

phosphatase 1. J. Immunol. 186, 6296-6303. doi: 10.4049/jimmunol.1002184.  

 

Lynch, M., Kirby, B., Warren, R.B. 2014. Treating moderate to severe psoriasis - best use  

of biologics. Expert Rev. Clin. Immunol. 10, 269-279.  doi: 

10.1586/1744666X.2014.873701.  

 

Megherbi, R., Kiorpelidou, E., Foster, B., Rowe, C., Naisbitt, D.J., Goldring, C.E., Park, 

B.K., 2009. Role of protein haptenation in triggering maturation events in the dendritic  

cell surrogate cell line THP-1. Toxicol. Appl. Pharmacol. 238, 120-132. doi: 

10.1016/j.taap.2009.05.001.  

 

Melehani, J.H., James, D.B., DuMont, A.L., Torres, V.J., Duncan, J.A., 2015. 

Staphylococcus aureus leukocidin A/B (LukAB) kills human monocytes via host NLRP3 and 

ASC when extracellular, but not intracellular. PLoS Pathog. 11(6), e1004970.  doi: 

10.1371/journal.ppat.1004970.  

 

Ménard, N., Tsapis, N., Poirier, C., Arnauld, T., Moine, L., Lefoulon, F., Péan, J.M., Fattal, 

E., 2012. Drug solubilization and in vitro toxicity evaluation of lipoamino acid surfactants. 

Int. J. Pharm. 423, 312-320.  doi: 10.1016/j.ijpharm.2011.11.030. 

 

Mistilis, M.J., Bommarius, A.S., Prausnitz, M.R., 2015. Development of a thermostable 

microneedle patch for influenza vaccination. J. Pharm. Sci. 104, 740-749. doi: 

10.1002/jps.24283. 

 



AC
C

EP
TE

D
 M

AN
U

SC
R

IP
T

ACCEPTED MANUSCRIPT

27 
 

Németh, Z.H., Deitch, E.A., Szabó, C., Haskó, G., 2002.  Hyperosmotic stress induces 

nuclear factor-kappaB activation and interleukin-8 production in human intestinal epithelial 

cells. Am. J .Pathol. 161, 987-996. doi: 10.1016/S0002-9440(10)64259-9. 

 

Nogueira, D.R., Mitjans, M., Infante, M.R., Vinardell, M.P., 2011. The role of counterions in 

the membrane-disruptive properties of pH-sensitive lysine-based surfactants. Acta Biomater. 

7, 2846-2856. doi: 10.1016/j.actbio.2011.03.017. 

 

Nunes, P., Ernandez, T., Roth, I., Qiao, X., Strebel, D., Bouley, R., Charollais, A., 

Ramadori, P., Foti, M., Meda, P., Féraille, E., Brown, D., Hasler, U., 2013. Hypertonic stress 

promotes autophagy and microtubule-dependent autophagosomal clusters. Autophagy  

9, 550-567. doi: 10.4161/auto.23662. 

 

Ogaji, I.J., Nep, E.I., Audu-Peter,  J.D., (2011). Advances in natural polymers as 

pharmaceutical excipients. Pharm. Anal. Acta 3, 146. doi:10.4172/2153-2435.1000146. 

 

Pandey, M., Mahadevan, D., 2014. Monoclonal antibodies as therapeutics in human 

malignancies. Future Oncol. 10, 609-636. doi: 10.2217/fon.13.197. 

 

Patel, V.A., Longacre, A., Hsiao, K., Fan, H., Meng, F., Mitchell, J.E., Rauch, J., Ucker, 

D.S., Levine, J.S., 2006.  Apoptotic cells, at all stages of the death process, trigger 

characteristic signaling events that are divergent from and dominant over those triggered by 

necrotic cells: Implications for the delayed clearance model of autoimmunity. J. Biol. Chem. 

281, 4663-4670. doi:10.1074/jbc.M508342200. 

 

Pekarova, M., Kubala, L., Martiskova, H., Papezikova, I., Kralova, S., Baldus, S., Klinke,  

A., Kuchta, R., Kadlec, J., Kuchtova, Z., Kolarova, H., Lojek, A., 2013. The unique role of 

dietary L-arginine in the acceleration of peritoneal macrophage sensitivity to bacterial 

endotoxin. Immunol. Res. 56, 73-84. doi: 10.1007/s12026-012-8379-2. 

 

Perregaux, D.G., Laliberte, R.E., Gabel, C.A., 1996.  Human monocyte interleukin-1beta 

posttranslational processing. Evidence of a volume-regulated response. J. Biol. Chem. 1996 

271, 29830-29838. doi: 10.1074/jbc.271.47.29830. 

 



AC
C

EP
TE

D
 M

AN
U

SC
R

IP
T

ACCEPTED MANUSCRIPT

28 
 

Pifferi, G., Restani, P., 2003. The safety of pharmaceutical excipients. Farmaco 58, 541-550. 

doi:10.1016/S0014-827X(03)00079-X. 

 

Pingle, S.C., Sanchez, J.F., Hallam, D.M., Williamson, A.L., Maggirwar, S.B., Ramkumar, 

V.,  2003. Hypertonicity inhibits lipopolysaccharide-induced nitric oxide synthase expression 

in smooth muscle cells by inhibiting nuclear factor kappaB. Mol. Pharmacol. 63, 1238-1247. 

doi: 10.1124/mol.63.6.1238. 

 

Razinkov, V.I., Treuheit, M.J., Becker, G.W., 2015. Accelerated formulation development of 

monoclonal antibodies (mAbs) and mAb-based modalities: review of methods and tools. J 

Biomol. Screen. 20, 468-483. doi: 10.1177/1087057114565593. 

 

Roberts, D., Keeling, R., Tracka, M., van der Walle, C.F., Uddin, S., Warwicker, J., Curtis, 

R., 2015. Specific ion and buffer effects on protein-protein interactions of a monoclonal 

antibody. Mol. Pharm. 12, 179-193. doi: 10.1021/mp500533c. 

 

Rock, K.L., Kono, H., 2008. The inflammatory response to cell death. Annu. Rev. Pathol. 

3, 99-126. doi:  10.1146/annurev.pathmechdis.3.121806.151456. 

 

Rossol, M., Heine, H., Meusch, U., Quandt, D., Klein, C., Sweet, M.J., Hauschildt, S., 2011. 

LPS-induced cytokine production in human monocytes and macrophages. Crit. Rev. 

Immunol. 31, 379-446. doi:10.1186/1476-9255-9-1. 

 

Schneider, C.P., Shukla, D., Trout, B.L., 2011. Arginine and the Hofmeister series: The role 

of ion-ion interactions in protein aggregation suppression. J. Phys. Chem. B 115, 7447-7458. 

doi: 10.1021/jp111920y. 

 

Schneider, C.P., Trout, B.L., 2009. Investigation of cosolute-protein preferential interaction 

coefficients: New insight into the mechanism by which arginine inhibits aggregation. J. Phys. 

Chem. B 113, 2050-2058. doi: 10.1021/jp808042w. 

 

Sedger, L.M., McDermott, M.F., 2014. TNF and TNF-receptors: From mediators of cell 

death and inflammation to therapeutic giants - past, present and future. Cytokine Growth 

Factor Rev. 25, 453-472. doi: 10.1016/j.cytogfr.2014.07.016. 



AC
C

EP
TE

D
 M

AN
U

SC
R

IP
T

ACCEPTED MANUSCRIPT

29 
 

 

Shapiro, L., Dinarello, C.A., 1997.  Hyperosmotic stress as a stimulant for proinflammatory 

cytokine production. Exp. Cell Res. 231, 354-362. doi:10.1006/excr.1997.3476. 

 

Simmons, D.L., 1995.  The role of ICAM expression in immunity and disease. Cancer Surv.  

24, 141-155. 

 

Simon, J.C., Cruz, P.D. Jr., Tigelaar, R.E., Sontheimer, R.D., Bergstresser, P.R., 1991. 

Adhesion molecules CD11a, CD18, and ICAM-1 on human epidermal Langerhans cells serve 

a functional role in the activation of alloreactive T cells. J. Invest. Dermatol. 96, 148-151. 

doi:10.1111/1523-1747.ep12515946. 

 

Singleton, C.A., 2014. MS in the analysis of biosimilars. Bioanalysis 6, 1627-1637. doi: 

10.4155/bio.14.110. 

 

Spachidou, M.P., Bourazopouloum , E., Maratheftism, C.I., Kapsogeorgoum, E.K., 

Moutsopoulos, H.M., Tzioufas, A.G., Manoussakis, M.N.,  2007. Expression of functional 

Toll-like receptors by salivary gland epithelial cells: increased mRNA expression in cells 

derived from patients with primary Sjögren's syndrome. Clin. Exp. Immunol. 147, 497-503. 

doi:  10.1111/j.1365-2249.2006.03311.x. 

 

Tsikas, D., 2007. Analysis of nitrite and nitrate in biological fluids by assays based on the 

Griess reaction: appraisal of the Griess reaction in the L-arginine/nitric oxide area of 

research. J. Chromatogr. B Analyt. Technol. Biomed. Life Sci. 851, 51-70. 

doi:10.1016/j.jchromb.2006.07.054. 

 

Tuschl, H., Kovac, R., 2001.  Langerhans cells and immature dendritic cells as model 

systems for screening of skin sensitizers. Toxicol. In Vitro. 15, 327-331. doi:10.1016/S0887-

2333(01)00030-3. 

 

U.S. Food and Drug Administration (FDA), 1982.  GRAS Substances (SCOGS) Database. 

Available from http://www.fda.gov   

 



AC
C

EP
TE

D
 M

AN
U

SC
R

IP
T

ACCEPTED MANUSCRIPT

30 
 

Vagenende, V., Han, A. X., Mueller, M., Trout, B. L., 2013. Protein-associated cation 

clusters in aqueous arginine solutions and their effects on protein stability and size. ACS 

Chem. Biol. 8, 416-22. doi: 10.1021/cb300440x. 

 

Vázquez-Rey, M., Lang, D.A., 2011. Aggregates in monoclonal antibody manufacturing 

processes. Biotechnol. Bioeng. 108, 1494-1508. doi: 10.1002/bit.23155. 

 

Vedadi, M., Niesen, F.H., Allali-Hassani, A., Fedorov, O.Y., Finerty, P.J.Jr., Wasney, G.A., 

Yeung, R., Arrowsmith, C., Ball, L.J., Berglund, H., Hui, R., Marsden, B.D., Nordlund, P., 

Sundstrom, M., Weigelt, J., Edwards, A.M., 2006. Chemical screening methods to identify 

ligands that promote protein stability, protein crystallization, and structure determination. 

Proc. Natl. Acad. Sci. U. S. A. 103, 15835-15840. doi: 10.1073/pnas.0605224103. 

 

Walsh, G., 2010. Biopharmaceutical benchmarks 2010. Nat. Biotechnol. 28, 917-924. 

doi:10.1038/nbt0910-917. 

 

Wang, W., 2015. Tolerability of hypertonic injectables. Int. J. Pharm. 490, 308-315.  doi: 

10.1016/j.ijpharm.2015.05.069. 

  



AC
C

EP
TE

D
 M

AN
U

SC
R

IP
T

ACCEPTED MANUSCRIPT

31 
 

FIGURE LEGENDS 

 

Figure 1 

Effect of changes in osmolality on THP-1 cell or fibroblast viability: comparisons of 

different salts 

THP-1 cells were seeded into 24-well plates at 10
6
 cells/mL in serum free RPMI media (A, 

B) or human primary fibroblasts were seeded at 2 x 10
5
 cells/mL in complete DMEM 

medium in flat-bottomed 24 well plates for 6 h at 37
o
C (C, D).  Cells were cultured in serum 

free media for 24 h at 37
o
C with varying concentrations of NaCl (○), Arg•Glu (●), Arg•HCl 

(■) and NaGlu (∆) spanning a range of osmolalities from 280-525 mOsm/kg (A) or from 280-

625 mOsm/kg (C) and a range of concentrations from 0-250mM (B) or from 0-325 mM (D). 

Control cells were cultured with medium alone (280 mOsm/kg). Following culture, 

fibroblasts were trypsinized and THP-1 and fibrobalsts were harvested and cell viability was 

determined using PI. Cells (10,000) were analyzed by flow cytometry using a FACSCalibur 

flow cytometer for PI staining (FL2 channel; viability) against forward scatter (FSC; size). 

Data are displayed as % cell viability for n=3-6 experiments (mean and SE) versus excipient 

with respect to cumulative osmolality (A, C) and the concentrations of each excipient 

required to achieve the required osmolality (B, D). The statistical significance of differences 

between cells cultured in medium alone (isotonicity) and cells treated with various 

concentrations of salts was assessed by one way ANOVA (p<0.05; *=NaCl, #=Arg•Glu, 

¥=Arg•HCl, δ=NaGlu). For clarity of presentation, only the first concentration of each salt 

preparation at which there was a significant loss of cell viability is illustrated. The 

relationship between each individual salt concentration as formulated in RPMI media and 

cumulative osmolality as measured using an osmometer is illustrated in (E).  

 

 

Figure 2 

Impact of Arg•Glu and other salts on THP-1 cell nitric oxide production 

THP-1 cells were seeded into 24-well plates at 10
6
 cells/mL in serum free RPMI media and 

were cultured for 24 h at 37
o
C in medium alone (represented by the dashed line) or in the 

presence of 50 mM (open column) or 100 mM (closed column) Arg•Glu, NaCl, Arg•HCl or 

NaGlu.  Supernatants (A) and lysates (B) were collected after the 24 h incubation and the 

nitrite concentration was determined by the Griess assay. The nitric oxide content of the 

media (with supplements) in the absence of cells was also determined (dotted line). The 
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nitrite concentrations were determined using a nitrite standard reference curve and the 

associated computer software for microplate-based assays and data are displayed as nitrite 

concentration (µM; mean and SE). The statistically significance of differences in the nitrite 

content of samples from cells cultured in medium alone and cells treated with various 

concentrations of salts was assessed by one way ANOVA (*p<0.05). 

 

Figure 3 

The gating strategy for the characterization of the mechanism of cell death 

(representative FACS histograms) 

THP-1 cells were seeded into 24-well plates at 10
6
 cells/mL and cultured for 24 h  in serum 

free RPMI media alone (A), or in the presence of 150 mM NaGlu (B), 200 mM Arg•Glu (C), 

200 mM NaCl (D). Following incubation, cells were stained with annexin V-FITC (FL-1 

channel) and PI (FL-2 channel) and 10,000 cells were analyzed using a FACSCalibur flow 

cytometer. Data are displayed as representative quadrant analyses showing the pattern of 

cytotoxicity for each treatment group; in each case the lower left quadrant represents Annexin 

V-ve/PI-ve (viable) cells, the lower right quadrant represents annexin V+ve/PI-ve (early 

apoptotic) cells, the upper right quadrant represents annexin V+ve/PI+ve (late apoptotic) cells 

and the upper left quadrant represents annexin V-ve/PI+ve (necrotic) cells. The percentage of 

cells in each quadrant is indicated. 

 

Figure 4 

Characterization of the mechanism of cell death  

THP-1 cells were seeded into 24-well plates at 10
6
 cells/mL in serum free RPMI media and 

were cultured for 4 h (A-D) or 24 h (E-H) at 37
o
C in the presence of  50-200 mM NaCl (○), 

Arg•Glu (●), Arg•HCl (■) or NaGlu (∆). Control cells were cultured with medium alone. To 

characterize the extent and pattern of induced cytotoxicity, cells were stained with Annexin 

V-FITC (FL-1 channel) and PI (FL-2 channel) and 10,000 cells were analyzed using a 

FACSCalibur flow cytometer. The results are displayed as the percentages of cells that are 

Annexin V-ve/PI-ve (viable) (A, E), Annexin V+ve/PI-ve (early apoptotic) (B, F), Annexin 

V+ve/PI+ve (late apoptotic) (C, G), Annexin V-ve/PI+ve (necrotic) (D, H). In each case, data 

are shown as % total cells in each category (mean and SE for n=3 experiments, where for 

clarity SE > 2% only are shown). The statistical significance of differences between cells 

cultured in medium alone and cells treated with various concentrations of salts was assessed 

by one way ANOVA (p<0.05; *=NaCl, #=Arg•Glu, ¥=Arg•HCl, δ=NaGlu).  
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Figure 5 

Effects of Arg•Glu and other salts on CD54 expression and IL-8 production 

THP-1 cells were seeded into 24-well plates at 10
6
 cells/mL in serum free RPMI media and 

were cultured for 24 h at 37
o
C with medium alone or in the presence of 50-200 mM of 

Arg•Glu, NaCl,  Arg•HCl or NaGlu. Positive control cells were cultured with LPS (0.1 

µg/mL). At the end of the culture period, cells were stained for expression of CD54 or with 

isotype control (mouse IgG1κ) antibody and dead cells were excluded with PI.  Data (10,000 

cells) were acquired using a FACSCalibur flow cytometer and results are displayed as 

percentage positive cells (A) and mean fluorescence intensity (arbitrary units; au) (B) (mean 

and SE for six independent experiments). Following culture, samples were centrifuged at 

1000 rpm for 5 min and supernatants were collected and analyzed for IL-8 content by ELISA 

(C). Results are displayed as mean and SEM of 3 independent experiments. The statistical 

significance of differences between cells cultured in medium alone and cells treated with 

various concentrations of salts or LPS was assessed by one way ANOVA (*p<0.05).  

 

Table 1 

IC50 values calculated additive concentrations and osmolalities required to achieve 50 % 

drop in viability for THP-1 cells or fibroblasts for each of the salts; raw data displayed in 

Figure 1 

Additives THP-1 cells Fibroblast 

 [Salt], mM mOsm/kg [Salt], mM mOsm/kg 

Arg•Glu 141.1 449.1 119.1 417.4 

NaCl 99.6 456.4 114.7 482.9 

Arg•HCl 94.3 360.6 128.0 400.7 

NaGlu 158.6 474.3 171.1 489.7 
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Figure 2 
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Figure 3 
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Figure 4 
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Figure 5 
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Highlights 

 

 The effect of Arg•Glu on cell viability  was examined with reference to NaCl. 

 Arg•Glu is of equivalent toxicity to NaCl. 

 The mechanism of cell death is via apoptosis and is thus not pro-inflammatory. 

 Arg•Glu as a subcut excipient is not expected to result in atypical inflammation. 


