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Lay Abstract 

Gut bacteria can influence both immunity and metabolism in the liver. It is 

not clear how bacteria in the gut communicate to the liver. Lactate is a key 

metabolite that can fuel liver metabolism and alter immunity. There are 2 types of 

lactate. L-lactate is host-derived, whereas D-lactate is mainly produced by gut 

bacteria. Bacterial-derived D-lactate can alter immune responses mediated by 

immune cells in the liver, including macrophages. Bacterial metabolites such as 

D-lactate and bacterial components that cause inflammation are increased in the 

blood during obesity. Our findings show that D-lactate can increase inflammation 

in macrophages when combined with bacterial components and that D-lactate 

increases inflammation more than L-lactate. Understanding the role of D-lactate 

may help us understand how bacteria contribute to insulin resistance, higher 

blood glucose and the risk of type 2 diabetes and fatty liver disease. 
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Abstract 

Obesity-induced inflammation is a factor involved in the risk and 

progression of type 2 diabetes and non-alcoholic fatty liver disease. These 

diseases are associated with changes in gut microbiota composition and bacterial 

metabolites. Bacterial components with known innate immune receptors can 

cooperate with non-immunogenic metabolites derived from the gut microbiota to 

alter host immunity. Gut bacteria produce almost all D-lactate in the host, 

whereas L-lactate is host-derived. It is known that microbial-derived D-lactate in 

the portal circulation programs liver-resident macrophages to help combat 

bacterial infections. It was unknown how D-lactate and L-lactate alter cell-

autonomous inflammation in macrophages exposed to low levels of bacterial cell 

wall muropeptides or lipopolysaccharide (LPS). It was also unknown if 

macrophage co-stimulation altered inflammation in macrophages exposed to 

bacterial metabolites and cell wall components. In vitro models showed that D-

lactate had no effect (or a very small effect) on multiple markers of inflammation 

in the absence of interferon-gamma (IFN-γ) co-stimulation. Nevertheless, initial 

experiments on clonal macrophages discovered that equimolar and physiological 

levels of D-lactate increased Nos2 expression compared to L-lactate.  Bone 

marrow-derived macrophages (BMDMs) co-stimulated with IFN-γ revealed a 

larger effect of D-lactate on immunity. Compared to L-lactate, D-lactate increased 

nitric oxide (NO) production and increased activation of the NLR family pyrin 

domain containing 3 (NLRP3) inflammasome in BMDMs co-stimulated with IFN-γ 
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and exposed to LPS. Further, D-lactate prevented L-lactate-induced lowering of 

NO production and NLRP3 inflammasome-mediated release of IL-1β from 

BMDMs co-stimulated with IFN-γ and LPS. Identifying appropriate cell models 

and defining conditions that reveal the effect of D-lactate versus L-lactate on 

immune responses in isolated cells was a major contribution of this work. Future 

work should characterize the interaction of macrophages and hepatocytes. This 

research may lead to the identification of gut microbiota-based approaches to 

limit liver inflammation in obesity and metabolic disease. 
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1.0 INTRODUCTION 

1.1 Obesity and type 2 diabetes 

 Obesity is a chronic and progressive disease that is characterized by 

excessive adipose tissue expansion and dysglycemia. The obesity epidemic has 

seen a dramatic increase in prevalence among children and adults over the last 

three decades1. Obesity has a significant cost to society and its economic burden 

includes increased health care expenditures2,3. The causes of obesity are 

multifactorial and complex and include genetic, environmental, socioeconomic, 

and behavioural factors. Obesity increases the risk of several other chronic 

diseases including heart disease, type 2 diabetes (T2D), non-alcoholic fatty liver 

disease (NAFLD), stroke, and cancer among others1,4,5. It is estimated that by 

2025, over 300 million individuals worldwide will have developed T2D from 

obesity6. 

Lowering caloric intake has been shown to reduce obesity, but long-term 

adherence to these diets is a major concern7,8. Bariatric surgery lowers intestinal 

nutrient absorption and is currently the most efficacious treatment for obesity and 

T2D, but is limited in accessibility and feasibility at the population level that would 

be required to combat T2D and NAFLD 9,10. Further, potential surgical candidates 

must show previous attempts at improving obesity using medical interventions 

and must be committed to changing their behaviour and nutritional intake long-

term9. The economic, societal, and direct and indirect medical ramifications of the 

growing obesity epidemic are severe. Therefore, there is an urgent need to 
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discover non-surgical modifiers of intestinal nutrient absorption to mitigate the 

risk of developing co-morbidities. 

1.1.1 Obesity-induced inflammation and co-morbidities 

Obesity promotes compartmentalized inflammation that contributes to 

mechanisms of T2D and NAFLD progression, including insulin resistance and 

pancreatic β-cell dysfunction. Excessive adipose tissue expansion due to an 

imbalance between nutrient intake and energy expenditure is a major feature of 

obesity11,12. Adipose tissue expansion is associated with chronic low-grade 

inflammation in adipose tissue and the liver, called metabolic inflammation12. 

There are many triggers of this metabolic inflammation during obesity which 

include changes in adipokines, lipid homeostasis and the gut microbiota that 

affect metabolic cells like adipocytes, and immune cell populations in metabolic 

tissues13–15. Obesity-induced inflammation also promotes NAFLD progression to 

non-alcoholic steatohepatitis (NASH) where inflammation affects hepatocytes 

and resident immune cells16,17. There is an urgent need to identify contributors to 

obesity-induced inflammation and mitigate the risk of T2D and NAFLD. It is 

intriguing that targeting metabolites akin to modifiers of intestinal nutrient 

absorption from the gut microbiota might alter obesity-related inflammation.  

Nutritional stress sensed by immune receptors contributes to obesity-

induced inflammation18. Pattern recognition receptors (PRRs) such as toll-like 

receptors (TLR) and nucleotide oligomerization domain (NOD)-like receptors play 

a crucial role in innate immunity by responding to pathogen-associated molecular 



MSc. Thesis - A. Singh; McMaster University - Biochemistry 

 3 

patterns (PAMPs) and damage-associated molecular patterns (DAMPs)18,19. 

Microbial components like lipopolysaccharide (LPS) can activate TLR signalling 

via a MyD88-dependent pathway leading to the activation of nuclear factor kappa 

B (NF-κB) thereby amplifying cytokine production18,20. TLR2 and TLR4 have 

been shown to play a role in promoting obesity-induced inflammation and 

subsequent insulin resistance21. TLR4 is localized to the surface of immune cells 

like macrophages and metabolic cells like hepatocytes and adipocytes and is 

increased in obese mice and humans with obesity. Diet-induced changes in gut 

microbiota composition and gut permeability during obesity contribute to 

metabolic endotoxemia (an increase in circulating LPS) which engages TLR4 to 

promote features of prediabetes and NAFLD progression22–25.  

1.2 Gut microbiota 

 

 The microbiota that reside on (and in) humans is thought to contain over 

30 trillion bacteria, fungi and viruses. Most bacteria reside in the gut and the gut 

microbiota describes all microbial strains that reside within the gastrointestinal 

tract. The role of the gut microbiota in metabolic disease has recently emerged 

as a popular area of research. The gut microbiota play a key role in supporting 

the digestion of nutrients that are not metabolized by human enzymes. It is 

known that commensal bacteria in the gut influence host metabolism, digestion, 

brain and immune function26. 
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The composition of the microbiota varies between individuals and is 

influenced by medication, diet, genetics, and a variety of environmental factors26. 

Changes in taxonomy and relative abundance of bacterial species can serve as a 

biomarker for disease onset or progression. For example, Lactobacillus reuteri 

and Lactobacillus intestinalis have been associated with human obesity and 

obesity-induced T2D27,28. Bacterial components, metabolites and secreted 

microbial factors can engage host immunity to influence host metabolism and 

can influence aspects of health and disease by communicating with peripheral 

organs through various pathways (i.e., gut-liver axis)26. Microbial-derived factors 

from the gut can communicate with the liver via portal circulation29,30. Many 

specific bacterial components and metabolites that cooperate to alter immunity or 

metabolism remain ill-defined. 

1.2.1 Gut microbiota and metabolic disease  

Microbiota participate in host obesity and T2D progression through many 

different proposed mechanisms, which is often attempted to be captured by 

measuring changes in gut microbiome taxonomy or metabolites31. Studies of 

colonization of germ-free (GF) mice by transplantation of gut microbiota from 

conventionalized obese mice and obese humans have demonstrated that gut 

microbes are sufficient to transfer obesity phenotypes such as increased 

adiposity from obese microbial donors to lean recipients32–34. Further, there are 

marked differences in microbial populations at the taxonomic level between 

humans that are obese or not obese. Peters et al. recently found that species 
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richness and overall composition were reduced in obese, but not overweight 

individuals, compared to humans classified as normal weight35. This study found 

an increase in the abundance of Streptococcaceae and Lactobacillaceae, and a 

decreased abundance of within classes Clostridia, Christensenellaceae, 

Clostridiaceae, and Dehalobacteriaceae35. Changes in abundance and richness 

of microbial species correlated with obesity may offer insight into species-specific 

metabolites that exacerbate inflammation and insulin resistance. 

Evidence suggests that changes in the relative abundance of gut 

commensal bacteria also correlate with changes in glucose homeostasis30,36. It is 

known that the composition of the gut microbiome is altered in obese mice and 

humans with impaired glucose metabolism37,38. We have previously shown that 

gut microbiota regulate insulin clearance in diet-induced obese mice39. Antibiotic 

treatment of obese mice, including hyperphagic ob/ob mice and diet-induced 

obese mice, improved glucose tolerance and lowered insulin resistance, which 

was thought to occur by reducing the load of bacteria and/or by altering some 

features of dysbiosis in the gut commensal population40. Lowering the intestinal 

microbe load with antibiotics also reduced the expression of hepatic and 

intestinal genes associated with inflammation and lipid metabolism40. Further, GF 

mice have lower liver fat, lower lipogenic gene signature, and reduced 

inflammation in adipose tissue compared to colonized mice, which contributes to 

impaired glucose metabolism26,33. Recent evidence showed that gut microbiota 

can regulate blood glucose homeostasis solely via hepatic gluconeogenesis and 
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not via energy expenditure, but the bacterial metabolite that acted as a substrate 

to drive changes in liver metabolism was unknown41,42. Hence, there is data 

showing that gut commensal bacteria play a key role in altering liver metabolism 

and inflammation relevant to the pathophysiology of T2D and NAFLD. We sought 

to find a microbial factor that could influence liver metabolism and inflammation. 

1.2.2 Microbial-derived metabolites and host immunity 

 The interaction between gut microbiota and peripheral organs beyond the 

intestine, such as the liver, may involve innate immunity including TLR and/or 

NOD-like receptor signalling in response to translocation of microbial 

components across the intestinal barrier and into host circulation. TLRs are a 

class of PRRs that are expressed on the cell surface or endosomes of innate and 

non-innate immune cells20. These receptors are responsible for recognizing 

lipids, proteins or nucleic acids that can be specific to PAMPs like bacteria20. 

Specifically, TLR4 recognizes lipid A of bacterial lipopolysaccharides (LPS)20. 

Recognition of a PAMP by a TLR initiates a signalling pathway leading to 

downstream activation of NF-κB which regulates the expression of cytokines and 

chemokines to elicit an innate immune response against the microbial danger 

signal20. The microbiota composition can influence TLR activation and lower 

insulin sensitivity43. NOD-like receptor signalling may also be implicated in 

microbe-immune interactions occurring in tissues that help control blood glucose 

such as the liver. NOD1 is expressed in the cytosol of hepatocytes and responds 

to FK565 and γ-d-glutamyl-meso-diaminopimelic acid (iE-DAP) found in the cell 
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wall structure of most Gram-negative bacteria19. NOD1 ligands, but not NOD2 

ligands, were shown to activate NF-κB in primary mouse hepatocytes in vitro44. 

IFN-γ is a co-stimulatory factor produced by T cells that promotes M1 polarization 

in macrophages45. Also, we have previously shown that NOD1 ligand co-

stimulation with IFN-γ was required to measure changes in inflammation in 

primary hepatocytes46. 

Interactions between microbial-derived metabolites and cell wall 

components are positioned to alter the activation of resident immune cells in 

hepatic and adipose tissues but how these microbial-derived metabolites (such 

as D-lactate) can modulate the effect of TLR4 and NOD1 ligands on hepatic or 

adipose tissue inflammation is unknown. 

1.3 The Cori cycle 

 The Cori cycle describes the mechanism by which glycogen is 

metabolized in skeletal muscle via anaerobic glycolysis to produce lactate, which 

in turn provides a substrate for liver glycogen storage and gluconeogenesis 

(Figure 1)47. Muscle glycogen breakdown is facilitated by lactate dehydrogenase 

(LDH), an oxidoreductase that reversibly catalyzes the conversion of pyruvate to 

lactate with the regeneration of NADH. LDH plays a key role in maintaining 

homeostasis under anaerobic conditions. Since oxygen is the final electron 

acceptor in the electron transport chain, when oxygen availability is low, 

adenosine triphosphate (ATP) synthesis via ATP synthase is limited. Despite 

ATP production via oxidative phosphorylation being disrupted in anaerobic 
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conditions, ATP synthesis continues in the muscle from the reduction of pyruvate 

to lactate and generation of NAD+48. L-isomers of LDH produce L-lactate, which 

is the most abundant lactate isomer in vertebrates48. Lactate can then travel 

through the blood and be used as a substrate for hepatic gluconeogenesis. Thus, 

L-lactate is a key substrate fueling glucose synthesis under anaerobic conditions. 

1.3.1 Lactate enantiomers: D-lactate and L-lactate 

 D-lactate metabolism has been historically overlooked. When the Cori 

cycle was first described, D-lactate extracted from bacteria was used, as it was 

observed that L-lactate formed “practically no liver glycogen”47. However, 

humans and rodents have ~1000 times higher levels of L-lactate (mM) than D-

lactate (µM) in the systemic circulation, which appears to have set the stage for 

neglecting the study of D-lactate. In the past, it was also hypothesized that 

mammals lacked D-α-hydroxy acid dehydrogenase, which was thought to be 

required for D-lactate metabolism49. However, we now know that mammals have 

both L- and D-lactate dehydrogenases50,51. Despite its key role in the discovery 

of the Cori cycle in 1929, the role of D-lactate has not been well investigated in 

metabolic disease.  

D-lactate and L-lactate enantiomers share similar chemical and physical 

properties. Monocarboxylate transporters (MCT1-8) can transport both L- and D-

lactate49. MCT1 transports D-lactate in the small intestine and liver;  however, 

MCT1 has a two-times greater uptake coefficient for L-lactate than D-lactate49. 

Transport capacity is not the only factor to consider since local sources of D- 
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versus L-lactate may influence tissue uptake and metabolism. It was 

hypothesized that microbial-derived D-lactate may be preferentially shuttled by 

MCT1 to the liver via the portal circulation, whereas L-lactate is excreted in urine 

or shuttled by G-coupled protein receptor 81 (GPR81) in the brain, muscle and 

adipose tissue52. L-lactate and D-lactate are derived from different sources, but 

both can be used as fuel by the liver to produce glycogen. L-lactate is host-

derived via anaerobic glycolysis in skeletal muscle. It is thought that glyoxalase 1 

and 2 are key enzymes that catalyze the conversion of methylglyoxal into D-

lactate, providing low levels of host-derived D-lactate into the circulation53. We 

have previously shown that most D-lactate in mice is derived from gut microbiota, 

whereas L-lactate is host-derived in fasted and fed mice (unpublished, 2020). 

Certain bacteria can produce more D-lactate, which can enter host circulation. 

For example, colonization of mice with the gut microbe Lactobacillus intestinalis 

ASF360 has been shown to produce higher levels of D-lactate in the portal and 

systemic circulation29.  

In the systemic circulation of mice, we measured physiological levels of L-

lactate (1-10 mM) and D-lactate (25-100 μM). Levels of L-lactate and D-lactate 

are dynamic and can be influenced by the diet, varying levels of exercise, and 

ageing49,54,55. We defined physiological levels of L-lactate and D-lactate as being 

measured in the systemic circulation of fasted, chow-fed male C57BL/6 N mice 

during normal levels of exercise and the absence of pathology.  
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Certain pathological conditions favour elevated levels of D-lactate and/or 

L-lactate. For example, levels of D-lactate are elevated due to increased 

production by gut microbiota and impaired gut permeability in patients with 

ulcerative colitis, short bowel syndrome, and gut ischemia56,57. D-lactate and L-

lactate are elevated in urine and plasma of T2D patients58,59. Further, elevated D-

lactate in obese adolescents is associated with higher levels of small dense low-

density lipoprotein60. It has also been suggested that highly fermented foods may 

increase circulating levels of L-lactate or D-lactate49. Elevated levels of L-lactate 

in the brain are correlated with ageing, however, the role of D-lactate is not 

clear55,61. 

1.4 The role of lactate in host immunity 

Bacteria in the gut can simultaneously provide PAMPs and metabolites 

that might co-operate to alter immune responses. Classical examples of 

immunomodulatory metabolites are short-chain fatty acids (SCFA). Clostridia 

species are high producers of SCFAs which have been shown to induce 

regulatory T (Treg) cells and inhibit NF-κB62. Certain bacterial-derived 

metabolites such as SCFAs do not have known immune receptors that could 

serve as a direct link to immune signalling. However, SCFAs have emerged as 

important modulators of inflammatory responses by co-operating with 

immunogenic microbial components62,63. Similarly, lactate is a non-immunogenic 

metabolite and there is no known immune receptor, however, it may engage 

other microbial components to modulate immune responses like SCFA. 
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Microbial-derived D-lactate, and specifically its role in inflammation, has rarely 

been referenced in the literature. This is a key knowledge gap since D-lactate 

levels are increased in plasma and urine in patients with diabetes and 

obesity58,60,64. 

The inhibition and downregulation of lactate dehydrogenase A (LDHA), the 

enzyme that catalyzes the conversion of pyruvate to lactate, suppresses 

inflammation in RAW 264.7 macrophage-like cells65. Inhibition and 

downregulation of LDHA using siRNA in RAW 264.7 macrophages resulted in 

lower LPS-stimulated lactate levels and lower interleukin-6 (IL-6), nitric oxide 

(NO) and inflammatory cytokine production65. Although it is unclear from this 

study whether L-lactate, D-lactate or racemic lactate (a mixture of equal parts D-

/L-lactate) was measured, this evidence supports the role of lactate in modulating 

immunity in macrophages. 

The effect of lactate on inflammatory responses relating to tumour 

microenvironments has been investigated. Importantly, tumours prefer to 

undergo anaerobic glycolysis leading to high levels of lactic acid in tumour 

microenvironments66. Tumour-derived lactic acid accumulation contributes to pro-

tumour, anti-inflammatory microenvironments that promote tumour growth. The 

levels of lactic acid in the tumour microenvironment can promote M2 phenotypes 

in tumour-associated macrophages, inhibit dendritic cell function, and decrease 

cytotoxic T-cell proliferation and function66–68. These studies used sodium lactate 

or lactic acid (10-25 mM) (where the enantiomer was unspecified), but the role of 
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D-lactate is not clear. Most available evidence suggests that lactate has anti-

inflammatory effects in tumour microenvironments to promote tumour growth. 

In response to bacterial infection and other sources of inflammation, L-

lactate or racemic lactate generally suppress pro-inflammatory responses. L-

lactate (15 mM) suppressed TLR4-mediated priming of the NLRP3 

inflammasome via suppressed caspase-1 cleavage, mature caspase-1 activity 

and IL-1β release in bone marrow-derived macrophages, which required 

GPR8169. Similarly, it was shown that racemic lactate inhibits the pro-

inflammatory programming of macrophages, although independent of GPR8170. 

In this study, bone marrow-derived macrophages (BMDMs) treated with LPS and 

varying concentrations of racemic lactate (1-100 mM) dose-dependently inhibited 

LPS-induced pro-inflammatory markers70. Further, in the context of chronic 

inflammation, extracellular lactate (10 mM sodium L-lactate) inhibits the effector 

functions of CD4+ T cells and upregulates the lactate transporter SLC5A1271. 

Importantly, lactate-induced inhibition of CD4+ T cell effector function (i.e., 

motility) was due to changes in glucose metabolism in response to lactate 

uptake, which involved reduced glycolysis and a shift towards the TCA cycle that 

promoted fatty acid synthesis71. This is a prime example of indirect lactate-

induced inhibition of an inflammatory response by altering glucose metabolism 

and favouring de novo fatty acid synthesis. Although there is some evidence 

regarding the role of lactate in inflammation, little is known about the effect of L- 

vs D-lactate on inflammation.  
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There is conflicting evidence to suggest that lactate modulates the pro-

inflammatory and anti-inflammatory responses of immune cells upon LPS 

activation. Few studies have shown that D-lactate has pro-inflammatory 

influences on immunity. In bovine synoviocytes, D-lactate, but not L-lactate, 

induces an MCT1-dependent increase in IL-6 and IL-8 expression72. Additionally, 

a recent seminal paper showed that microbiota-derived D-lactate programs 

tissue-resident macrophages of the liver to clear circulating pathogens during 

bacterial sepsis29. The portal vein directly connects the gut and liver which 

facilitates communication from gut commensals through metabolites and other 

soluble mediators. Another key knowledge gap is the effect of physiological 

doses of L- versus D-lactate on inflammation. Many previous studies use a dose 

higher than physiological L-lactate (1-10 mM) and do not compare or even test 

physiological D-lactate (25-100 μM).  

  Inflammation can alter lipid metabolism and influence the way immune 

cells respond to inflammatory signals. For example, TLR4 activation in 

macrophages leads to transient inhibition of fatty acid synthesis followed by a 

later increase in anti-inflammatory fatty acid synthesis that contributes to the 

resolution phase of the inflammatory response73,74. In a recent study, pro-

inflammatory TLR activation in macrophages upregulated lipogenesis via liver X 

receptor activity73. The role of liver X receptors in inflammation and lipogenesis 

was found to be bidirectional where liver X receptors are also required for 

suppressing inflammation in the resolution phase73. Changes in lipid metabolism 
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that lead to inflammation are implicated in the progression from NAFLD to 

NASH75. Hepatic steatosis is driven by increased de novo lipogenesis which, as 

previously mentioned, can promote liver inflammation. Rather than being a 

consequence of steatosis, liver inflammation may also promote a stress 

response in hepatocytes that leads to lipid accumulation76. This was 

demonstrated when ob/ob mice were treated with anti-tumour necrosis factor 

(TNF) antibodies, inhibiting hepatic TNFα and lowering inflammation and hepatic 

steatosis77. Loss of Kupffer cells has been implicated in hepatic steatosis, and 

other myeloid cells may be involved in promoting hepatic lipid accumulation via 

inflammation78,79.  

As discussed, L-lactate was shown to indirectly modulate inflammation by 

altering glucose metabolism and favouring de novo fatty acid synthesis in CD4+ 

T cells71. We propose that inflammation may precede and change the early 

stages of NAFLD and that a microbial factor such as D-lactate may synergize 

with bacterial cell wall components to change lipid metabolism and/or 

inflammation which may exacerbate the progression of NAFLD to NASH (Figure 

2).   
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2.0 RATIONALE, HYPOTHESES AND RESEARCH AIMS 

2.1 Rationale 

 We previously showed that trapping D-lactate, but not L-lactate, in the gut 

lumen reduces blood D-lactate levels and lowers blood glucose, insulin secretion 

and insulin resistance in diet-induced obese mice (unpublished, 2020). This data, 

along with the seminal observation made by McDonald et al. that gut microbiota-

derived D-lactate programs liver macrophages29, positions D-lactate as a 

microbial metabolite that could promote metabolic inflammation in metabolic 

tissues. D-lactate can promote activation and polarization of macrophages 

towards pro-inflammatory responses6,30,45. We propose that D-lactate is more 

inflammatory than L-lactate, which we sought to test in macrophages cultured 

under specific conditions. Thus, microbiota-derived D-lactate is positioned to 

increase inflammation in resident immune cells of the liver and adipose tissue, 

contributing to insulin resistance and NAFLD progression.  

2.2 Hypothesis 

 We hypothesize that microbial-derived D-lactate increases macrophage 

inflammation compared to physiological and equimolar doses of L-lactate in the 

presence or absence of microbial cell wall components such as LPS. We 

hypothesize that D-lactate exposure causes higher transcript levels of 

inflammatory genes, higher NO production and higher NLRP3 inflammasome 

activation indicated by increased IL-1β release from macrophages compared to 

L-lactate. We hypothesize that co-treatment with D-lactate and L-lactate 
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mitigates L-lactate-induced suppression of inflammatory responses in 

macrophages exposed to LPS.  

2.3 Research aims 

Using RAW 264.7 macrophage cells and primary mouse macrophages, our 

research objectives were:  

1) To determine if D-lactate alters the transcript levels of genes involved in 

inflammation compared to L-lactate. 

2) To characterize the effect of D-lactate versus L-lactate on inflammatory 

pathways and mediators, including NO and the NLRP3 inflammasome  
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3.0 EXPERIMENTAL METHODOLOGY 

3.1 Reagents and antibodies 

 For a full list of reagents and antibodies used in experiments, please refer 

to the details contained in Table 1 and Table 2. 

Table 1. Reagents used in the studies. 

Reagent Manufacturer Reagent Manufacturer 

10X PCR Gold buffer Applied Biosystem HCl Caledon 

3-OBA sigma HEK-Blue Detection, Invivogen 

5X SSIV buffer Invitrogen HEK-Blue Selection Invivogen 

Amplitaq Gold Applied Biosystem HEPES sigma 

Anhydrous Ethanol Fisher Scientific, 

Commercial Alcohol 

Homogenizer ceramic 

beads 

Omni International 

Antibiotic-

Antimycotic Solution 

100x 

Wisent Bio Product Interferon-gamma R&D systems 

ATP Invivogen Isopropanol VWR 

BSA Bioshop LPS-E. coli Invivogen 

Chloroform Anachemia M-CSF R&D systems 

Collagenase type II sigma Methanol VWR 

Dithiothreitol (DTT) Invitrogen MgCl2 Applied Biosystem 

DMEM (low glucose) Wisent Bio Product Molecular grade water Mediatech 

DMEM/F12 Wisent Bio Product NaCl Bioshop 

DNAse I 10x Reaction 

buffer 

Invitrogen Nigericin  

DNAse I Amplification 

grade 

Invitrogen Normocin Invivogen 

dNTP (dATP, dTTP, 

dGTP, dCTP) 

Wisent Bio Product Oligo-dt(18) McMaster Mobix Lab 

EDTA Sigma Oligonucleotide primer McMaster Mobix Lab 

EGTA Bioshop PBS Thermo Fisher 

Fetal bovine serum Wisent Bio Product Penicillin/streptomycin Wisent Bio Product 

GlutaMAX Thermo Fisher Pierce LAL 

Chromogenic 

Endotoxin 

Quantification Kit 

Thermo Fisher 
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GM-CSF R&D systems Random hexamers McMaster Mobix Lab 

Griess Reagent Kit Invitrogen Random 

pentadecamers 

McMaster Mobix Lab 

 

Table 2. Antibodies used in the studies. 

Primary antibody Catalogue number Manufacturer 

IL-6 DY406 R&D systems 

CXCL-1 DY453-05 R&D systems 

IL-1β DY401 R&D systems 

3.2 Cell culture 

3.2.1 RAW 264.7 

 RAW 264.7 macrophages, courteously gifted to us from the Bowdish lab, 

were cultured in Dulbecco’s modified eagle medium (DMEM) containing 4.5 g/L 

glucose, 10% heat-inactivated fetal bovine serum (FBS) and 1% 

penicillin/streptomycin (P/S). RAW 264.7 cells were washed with phosphate-

buffered saline (PBS), then treated with low-glucose (1 g/L) DMEM containing 

0.5% FBS and 1% P/S for 24 h with and without lactate and stimulated with LPS 

(at various doses, as indicated) for the last 4 h of treatment.  

3.2.2 Primary mouse macrophage culture and differentiation 

Bone marrow was harvested from the femur and tibia of 20-24-week-old 

C57BL/6N male mice. Mice were euthanized by cervical dislocation and bone 

marrow was extracted under sterile conditions. BMDMs were cultured for 7 days 

in DMEM containing 10% FBS, 1% P/S and 15% L929 conditioned media. For 

initial BMDM experiments, on day 3, media was supplemented with 75 μL L929 
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conditioned media. On day 7, BMDMs were treated with low-glucose (1 g/L) 

DMEM containing 0.5% FBS and 1% P/S for 24 h with and without lactate and 

stimulated with LPS (at various doses, as indicated) for the last 4 h of treatment. 

The protocol for culture and differentiation of BMDMs for nitric oxide 

production and other experiments where indicated was adapted from Bailey et 

al.81. Bone marrow was harvested from the femur and tibia of 20-24-week-old 

C57BL/6N male mice, as previously described. On day 0, 250,000 cells/well were 

seeded into 24-well plates in 500 μL of phenol red-free Dulbecco's modified 

eagle medium/nutrient mixture F12 (DMEM/F-12) macrophage colony-stimulating 

factor (M-CSF) growth media containing 5% FBS, M-CSF (25 ng/mL), 1% P/S, 

1% GlutaMax. Cells were cultured for 7 days, with the addition of 250 μL of 

phenol red-free DMEM/F12 M-CSF growth media containing M-CSF (50 ng/mL) 

on day 5, and the addition of granulocyte-macrophage colony-stimulating factor 

(GM-CSF) (50 ng/mL) on day 6. BMDMs were treated with phenol red-free 

DMEM/F12 containing 1% GlutaMax, 1% P/S, 2% FBS, M-CSF (25 ng/mL) and 

GM-CSF (50 ng/mL). Cells were treated with and without D-lactate or L-lactate 

for 24 h and stimulated with LPS (100 ng/mL) and IFN-γ (10 ng/mL) for 16 h. 

3.2.3 HEK-293T cell culture 

Human embryonic kidney (HEK-293T) cells were thawed in growth media 

(DMEM, 4.5 g/L glucose, 10% (v/v) FBS, 100 U/mL penicillin, 100 µg/mL 

streptomycin, 100 µg/mL normocin, 2 mM GlutaMax) and passaged 1:10 every 2-

3 days in selection media which consisted of growth media supplemented with 
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1X HEK-Blue selection reagent to select for cells containing the secreted 

embryonic alkaline phosphatase (SEAP) promoter. Selection media for HEK-

NOD1 cells contains Growth Media supplemented with 30 µg/mL blasticidin and 

100 µg/mL zeocin. Passages 7-10 were used for experiments. HEK-293T cells 

were treated in 96-wells plates (20,000 cells/well) with and without lactate and 

LPS (HEK-TLR4) or FK565 (HEK-NOD1) for 24 h in Detection Media containing 

a SEAP colour substrate that when hydrolyzed by SEAP, produces a purple/blue 

colour measured at 630 nm. 

3.3 Gene expression analysis 

3.3.1 RNA extraction 

 Approximately 100,000-250,000 cells were collected in 0.3 mL TRIzol®. 

For all samples, 100 µL of chloroform was added and samples were mixed well 

and incubated at room temperature for three minutes. Each sample was then 

centrifuged at 12,000 x g for 10 minutes at 4 ºC. The upper aqueous phase was 

transferred into a fresh tube containing 150 µL isopropanol to precipitate RNA. 

The samples were mixed well by inverting, incubated at room temperature for 20 

minutes, and then centrifuged at 12,000 x g for 10 minutes at 4 ºC. The 

supernatant was discarded, and the RNA pellet was washed twice with 75% 

ethanol. The pellet was spun down after each wash at 16,000 x g for 5 minutes at 

4 ºC. Following the last wash, the remaining ethanol was evaporated before 

dissolving the RNA pellet in UltraPure distilled water that was pre-heated to 55 

ºC. Samples were incubated at 55 ºC for 15 minutes using a VWR Hybridization 
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Oven. RNA concentration was measured by spectrophotometry, using Biotek 

Nanodrop Synergy H4 Hybrid Reader. The RNA content of each sample was 

equalized to 50-250 ng/µL with UltraPure distilled water and stored at -80 ºC. 

3.3.2 cDNA synthesis 

 For each sample, 200 ng-1 µg of the RNA was mixed with 0.5 µL of 

DNAse I 10x Reaction buffer and 0.5 µL of Amplification grade DNAse I for 15 

minutes at room temperature to eliminate single- and double-stranded DNA. 

Subsequently, 0.5 µL of EDTA (25mM), 0.5 µL of dNTP (10mM) and 0.5 µL of 

random hexamer primer (250 ng) were added to each sample. The sample was 

incubated in the SimpliAmp Thermal Cycler (Applied Biosystems) at 95 ºC for 10 

minutes to inactivate DNAse I and 55 ºC for 10 minutes to anneal the 

complementary deoxyribonucleic acid (cDNA) synthesis primer. cDNA was 

synthesized by adding 2 µL of 5X SuperScript™ IV buffer, 0.5 µL of DTT (0.1M), 

0.5 µL of UltraPure distilled water and 0.5 µL of Superscript™ IV to each sample. 

Each sample was incubated in the Thermal Cycler at 55 ºC for 10 minutes and 

80 ºC for 10 minutes. cDNA was diluted 1:24 in UltraPure distilled water and 

stored at -20 ºC for all samples.  

3.3.3 RT-PCR Reactions 

 For real-time polymerase chain reaction (RT-PCR), 10 µL of each diluted 

cDNA sample was mixed with 10 µL of the master mix (consisting of 5.1 µL 

UltraPure water, 2 µL 10X PCR Gold buffer, 2 µL MgCl2, 0.4 µL dNTP (10 mM), 
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0.1 µL AmpliTaq® Gold and 0.4 µL primer). For a full list of commercial TaqMan 

primers used, refer to Table 3. RT-PCR was performed using Rotor-Gene Q 

(Qiagen), at 95ºC for 10 seconds, then 58 ºC for 45 seconds for 40 cycles. All 

genes were normalized to the average of housekeeping genes Rn18S and Rplp0 

using the 2−𝛥𝛥𝐶𝑇 method, using the experimental condition with no lactate and no 

LPS as the control condition.  

Table 3. Primers used in RT-PCR 

Primer Gene Catalogue Number Manufacturer 

Rn18S Rn18S Mm03928990_g1 ThermoFisher 

Rplp0 Rplp0 Mm01974474_gH ThermoFisher 

Il6 Interleukin 6 Mmm00446190 ThermoFisher 

Il1β Interleukin 1 beta mm00434228 ThermoFisher 

Il18 Interleukin 18 Mm00600311_m1 ThermoFisher 

Ccl2 Chemokine (C-C 

motif) ligand 2 

mm00441242 ThermoFisher 

Nos2 Nitric oxide synthase 

2, inducible 

mm00440502 ThermoFisher 

Il23 Interleukin 23 mm01160011 ThermoFisher 

Cd40 CD40 antigen mm00441891 ThermoFisher 

Tnf Tumour necrosis factor mm00443258 ThermoFisher 

Il10 Interleukin 10 mm00439616 ThermoFisher 

Il1rn Interleukin 1 receptor 

antagonist 

mm00446186 ThermoFisher 

Cxcl10 chemokine (C-X-C 

motif) ligand 10 

mm00445235 ThermoFisher 

 

3.4 Cytokine release 

DuoSet enzyme-linked immunosorbent assays (ELISA) (R&D Systems) 

were used to measure IL-6 and CXCL-1 in the media of BMDMs plated at 2.5 x 
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105 cells/well in a 24-well plate on days 7-10 of culture treated with and without 

lactate and LPS for 24 h or 48 h.  

3.5. Nitric oxide quantification 

NO production in cultured media of BMDMs was quantified by measuring 

nitrite levels, a stable breakdown product of NO. Cell culture media from BMDMs 

was collected after 24 h. In a 96-well plate, 150 μL nitrite-containing sample, 130 

μL deionized water and 20 uL Griess reagent containing 1:1 N-(1-

naphthyl)ethylenediamine dihydrochloride 1 mg/mL and sulfanilic acid (10 

mg/mL) were incubated at room temperature for 30 min. The absorbance of the 

nitrite-containing samples was measured relative to the reference sample in a 

spectrophotometer microplate reader at a wavelength of 548 nm. 

3.6 Quantification of gram-negative bacterial endotoxins 

Levels of gram-negative bacterial endotoxins were determined by 

measuring p-Nitroaniline release proportional to the activation of proenzyme 

Limulus Amebocyte Lysate by bacterial endotoxins. In a 96-well plate, 50 μL of 

sample, 50 μL of LAL reagent, and 100 μL of chromogenic substrate were 

incubated for 10 minutes at 37°C. To stop the reaction, 100 μL of 25% acetic acid 

was added to the plate. The absorbance of the endotoxin-containing samples 

was measured relative to the reference sample in a spectrophotometer 

microplate reader at a wavelength of 405-410 nm. 
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3.7 Statistical analyses 

 Statistical analyses were carried out using Prism 9.0 software. Normality 

was determined using the D'Agostino-Pearson test. Two-tailed unpaired, 

nonparametric Mann-Whitney tests were used to determine the differences 

between two groups when data were not normally distributed. Two-tailed 

unpaired, parametric t-tests were used between two groups when the data were 

normally distributed. Kruskal-Wallis tests were used between multiple means 

when the data were not normally distributed. One-way analysis of variance 

(ANOVA) was used to determine differences among three groups for normally 

distributed data. Two-way ANOVA with Fisher’s LSD test was used to determine 

significant interaction between multiple means for normally distributed data so 

that each comparison stands alone when comparing between conditions. All 

results are expressed as mean ± SEM (standard error of the mean) with p<0.05 

considered significant.  

 In mice, each biological replicate was defined as a separate animal. In 

clonal cell culture, each biological replicate was defined as a separate cell 

passage or separate day. In primary cell culture, each biological replicate was 

defined as a separate animal or separate day.   
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4.0 RESULTS 

4.1 Effect of lactate on media pH and endotoxin contaminants  

First, we determined whether physiological levels of D-lactate or L-lactate 

would alter the pH or be a source of endotoxin in cell culture. We compared 

changes in pH of (i) high-dose physiological D-lactate (100 µM), (ii) equimolar L-

lactate (100 µM), (iii) physiological L-lactate (5 mM) and (iv) physiological D-

lactate and L-lactate (D-lactate 100 µM + L-lactate 5 mM) to (NaCl 5 mM). In low-

glucose DMEM with 5% FBS, 1% P/S and 1% GlutaMax, all doses of lactate did 

not alter the pH of the media (Figure 3A). We also measured endotoxin units in 

lactate-containing media to determine levels of endotoxin contaminants. Levels 

of endotoxin units/mL (EU/mL) in low-glucose DMEM with L-lactate or D-lactate 

were less than 0.1 EU/mL which is comparable to those found in the endotoxin-

free water control (Figure 3B).  

4.2 Transcript levels of inflammatory genes in mice colonized with high and low 

microbial producers of D-lactate 

 We aimed to test whether D-lactate alters inflammation differently than L-

lactate in the livers and adipose tissue of mice. Preliminary data collected by lab 

member Dr. Anhê showed that L. intestinalis produces 400x more D-lactate than 

L. reuteri (Figure 4A), and then colonized germ-free mice with D-lactateHI (L. 

intestinalis) or D-lactateLO (L. reuteri)-producing microbiota (Figure 4B). We 

measured inflammatory gene expression in liver tissue of D-lactateHI vs D-

lactateLO-colonized mice. Transcript levels of Il1β and Il18 in the liver were 
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significantly higher in mice colonized with D-lactateHI
 microbiota compared to 

mice colonized with D-lactateLO microbiota (Figure 5A). Similarly in the adipose 

tissue, transcript levels of Ccl2 were significantly higher after colonization with D-

lactateHI microbiota compared to mice colonized with D-lactateLO microbiota 

(Figure 5B). Overall, colonization of mice with bacteria that are high D-lactate 

producers increased the expression of genes involved in liver and adipose tissue 

inflammation. 

4.3 Lactate alters transcripts related to inflammation in RAW 264.7 macrophages  

 Since transcript levels of genes involved in innate immunity were 

increased in response to high D-lactate-producing gut bacteria in vivo, we next 

compared physiological and equimolar D-lactate and L-lactate in RAW 264.7 

macrophages to determine the role of D-lactate in inflammatory gene expression 

in a cell-autonomous model. Cells were treated with D-lactate (25 µM, 100 µM) 

or L-lactate (25 µM, 100 µM, 1 mM) for 24 h and stimulated with TLR4 ligand, E. 

coli-derived LPS (0, 0.2, 2, 20 ng/mL) for the last 4 h (Figure 6).  

Others showed treatment of BMDMs with lactate by itself did not alter pro-

inflammatory gene expression, and that stimulation with LPS was required70. 

Similarly, we showed in RAW 264.7 macrophages that most inflammatory gene 

expression was either undetected or unaltered by D-lactate or L-lactate without 

LPS (not shown). In LPS-stimulated RAW 264.7 macrophages, the effects of L-

lactate and D-lactate on inflammatory gene expression were complex and 

differed between each cytokine (Figure 7A-I). The expression of Il23 (Figure 7C), 
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Tnf (Figure 7E), Il18 (Figure 7F), Il10 (Figure 7G) and Ccl2 (Figure 7I) did not 

change in response to physiological or equimolar D-lactate or L-lactate in LPS-

stimulated RAW 264.7 macrophages. However, transcript levels of Il6 (Figure 

7A), Il1β (Figure 7B), Cd40 (Figure 7D), and Nos2 (Figure 7H) were significantly 

lower in response to 25 µM L-lactate, but not equimolar D-lactate (25 µM). In 

addition, we found that all doses of D-lactate and L-lactate significantly lowered 

Nos2 expression in response to LPS (20 ng/mL) (Figure 5H). However, 

physiological L-lactate (1 mM) lowers LPS-induced Nos2 expression more than 

physiological D-lactate (100 µM), suggesting that D-lactate may be more pro-

inflammatory than L-lactate at physiological levels in vitro. Further, low dose 

equimolar L-lactate (25 µM), lowered LPS-induced Nos2 expression more than 

equimolar D-lactate (25 µM) (Figure 7H). 

4.3.1 D-Lactate and L-lactate in combination alter transcripts related to 

inflammation in RAW 264.7 macrophages  

 

 Next, we tested the effect of physiological D-lactate (25 µM - 100 µM) in 

the presence of physiological L-lactate (1 mM) on inflammatory gene expression 

in RAW 264.7 macrophages. This is important because tissues and cells would 

be exposed to both L-lactate and D-lactate in vivo. Cells were treated with 

physiological L-lactate (1 mM) and physiological D-lactate (25 µM or 100 µM) for 

24 h and stimulated with LPS (20 ng/mL) for the last 4 h (Figure 6). We observed 

that in the presence of L-lactate, physiological levels of D-lactate did not alter the 
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expression of most inflammatory genes in macrophages (Figure 8A, B, E, F, I). In 

response to D-lactate (25 µM) + L-lactate (1 mM), transcript levels of the anti-

inflammatory cytokine Il10 are significantly lower compared to the control (Figure 

8G). However, Il23 (Figure 8C) and Cd40 (Figure 8D) expression is significantly 

higher after D-lactate (100 µM) + L-lactate (1 mM) compared to 1 mM L-lactate 

alone. Further, increasing D-lactate from 25 µM to 100 µM in the presence of 1 

mM L-lactate significantly increased Nos2 expression in response to LPS (Figure 

8H).  

4.4 Inflammatory transcript levels in primary mouse hepatocytes in response to 

lactate  

 Others have shown that D-lactate alters hepatic inflammation by 

modulating the Kupffer cell response to pathogens29. However, it was not clear if 

hepatocytes would have different inflammatory signatures after exposure to D-

lactate versus L-lactate. To determine the role of D-lactate on hepatic 

inflammation in vitro, we compared the effect of D-lactate (25 µM, 100 µM) to 

equimolar and physiological L-lactate (25 µM, 100 µM, 1 mM) on inflammatory 

gene expression in primary hepatocytes stimulated with LPS (0.2, 2, 20 ng/mL) 

(Figure 9). Similar to our findings in RAW 264.7 macrophages, the relationship 

between lactate and cell-autonomous inflammation was complex. Physiological 

concentrations of D-lactate promoted less inflammation than L-lactate in primary 

mouse hepatocytes (Figure 10). Specifically, expression of Il1β (Figure 10A), Il23 
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(Figure 10B) and Cd40 (Figure 10C) were significantly lower in response to D-

lactate (25 µM, 100 µM) compared to L-lactate (25 µM, 100 µM, 1mM).  

4.5 Effect of lactate on TLR4-mediated and NOD1-mediated NF-κB activation  

 We next sought to characterize the inflammatory pathways involved in 

lactate-mediated modulation of the inflammatory response. We first explored the 

effect of D-lactate and L-lactate on TLR4-mediated NF-κB activation using the 

HEK-293T reporter cells (Figure 11). We tested 24 h exposure to D-lactate vs L-

lactate in HEK-293T cells that overexpress TLR4 combined with 2 ng/mL LPS 

(Figure 12A) or 0.5 ng/mL LPS (Figure 12B). In response to 0.5 ng/mL or 2 

ng/mL LPS, we did not detect differences in NF-κB activation in response to 

increasing D-lactate or L-lactate concentrations (Figure 12A-B). We also tested 

the effect of LPS (2 ng/mL) plus physiological D-lactate (25 µM - 100 µM) in the 

presence of physiological L-lactate (1 mM) on NF- κB activation in HEK-TLR4 

cells (Figure 12C). L-lactate at 1 mM significantly increased NF-κB activation 

relative to the LPS-only group. However, the addition of 25 µM or 100 µM D-

lactate did not alter LPS-mediated NF- κB activation in this assay. 

In addition, we tested the effect of D-lactate and L-lactate on NOD1-

mediated NF-κB activation using the HEK-293T assay (Figure 11). We tested 24 

h exposure to D-lactate vs L-lactate in HEK-293T cells that overexpress NOD1 

stimulated with the synthetic NOD1 ligand FK565 at 100 ng/mL (Figure 13A). In 

response to a NOD1 ligand, physiological D-lactate (100 µM) significantly 

increased NF-κB activation compared to 1 mM L-lactate (Figure 13A). In the 
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presence of physiological L-lactate (1 mM), the addition of 25 µM or 100 µM D-

lactate did not alter NOD1-mediated NF- κB activation in this assay (Figure 13B). 

4.6 IL-6 release in primary macrophages during endotoxin exposure in response 

to lactate  

 As previously shown, D-lactate increased NF-κB activation in HEK-293T 

NOD1 cells compared to L-lactate (Figure 7), which favours the downstream 

production of pro-inflammatory cytokines such as IL-6. We measured IL-6 

release from primary macrophages in response to D-lactate and L-lactate during 

endotoxin exposure. Primary macrophages were treated with D-lactate (25 µM, 

100 µM, 1 mM), L-lactate (25 µM, 100 µM, 1 mM) or D-lactate in the presence of 

L-lactate (L-lactate 1 mM + D-lactate 25 µM, L-lactate 1 mM + D-lactate 100 µM) 

and stimulated with NOD1 ligand (FK565) or TLR4 ligand (LPS) (Figure 14A). IL-

6 release was measured after 48 h by enzyme-linked immunosorbent assay 

(ELISA). 

In primary macrophages, 1 mM L-lactate significantly reduced IL-6 levels 

compared to the control condition in BMDMs stimulated with LPS (200 ng/mL) 

(Figure 15). Further, LPS-induced (200 ng/mL) IL-6 release increased in 

response to physiological D-lactate (100 µM) compared to L-lactate (1 mM) after 

48 h (Figure 15). Adding 1 mM L-lactate to 100 µM D-lactate significantly 

reduced IL-6 secretion from 100 µM D-lactate alone in BMDMs stimulated with 

LPS (200 ng/mL) (Figure 15). Previously, we showed that D-lactate in the 

presence of L-lactate did not increase NF-κB activation in HEK-293T cells in 
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response to TLR4 to NOD1 ligands (Figure 12-13). Similarly, in the presence of 

L-lactate, D-lactate (25 µM and 100 µM) did not increase IL-6 release in 

response to TLR4 or NOD1 ligands (Figure 15). 

4.7 NLRP3 inflammasome effector levels during endotoxin exposure in response 

to lactate  

As mentioned, transcript levels of Il1β and Il18 increased in liver tissue of 

mice colonized with bacteria that high D-lactate-producing bacteria versus low 

levels of D-lactate, which are downstream products of NLRP3 inflammasome 

activation (Figure 5). We tested whether D-lactate and L-lactate alter NLRP3 

inflammasome activation in primary macrophages. BMDMs were differentiated 

using L929 conditioned media for 7 days (Figure 14A). Primary macrophages 

were treated with D-lactate (25 µM, 100 µM, 1 mM), L-lactate (25 µM, 100 µM, 1 

mM) or D-lactate in the presence of L-lactate (L-lactate 1 mM + D-lactate 25 µM, 

L-lactate 1 mM + D-lactate 100 µM) for 24 h and stimulated with 200 ng/mL LPS 

and nigericin (20 µM) for 30 min or ATP (2.5 ng/mL) for 1 h. Levels of secreted 

IL-1β in the media were measured by ELISA as an indicator of NLRP3 

inflammasome activation. 

In LPS-primed BMDMs, physiological L-lactate (1 mM) significantly 

reduced nigericin-induced inflammasome-mediated IL-1β release compared to 

control (Figure 16A). However, equimolar D-lactate (1 mM) did not suppress IL-

1β release compared to the control condition in LPS-primed BMDMs, rather 

equimolar D-lactate (1 mM) increased nigericin-induced and ATP-induced IL-1β 
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production compared to L-lactate (1 mM) (Figure 16A). This finding shows that D-

lactate alters NLRP3 inflammasome activation compared to L-lactate in 

macrophages.  

Further, physiological D-lactate (100 µM) increases nigericin-induced IL-

1β release in LPS-primed BMDMs compared to physiological L-lactate (1 mM) 

despite the 10-fold differences in the dose of lactate. Next, we treated LPS-

primed BMDMs with physiological levels of D-lactate plus L-lactate which reflects 

the physiological environment where both enantiomers are present together. In 

the presence of L-lactate (1 mM), D-lactate (25 µM and 100 µM) prevented L-

lactate lowering of nigericin-induced and ATP-induced IL-1β release (Figure 

16A). Therefore, the presence of a physiological dose of D-lactate prevented 

lower NLRP3 inflammasome-mediated IL-1β release caused by physiological L-

lactate in response to a TLR4 ligand and known NLRP3 inflammasome activators 

in primary mammalian macrophages. 

IL-6 is a pro-inflammatory cytokine that is not regulated by the NLRP3 

inflammasome. We aimed to determine whether lactate alters IL-6 release in 

response to NLRP3 inflammasome activators nigericin or ATP during endotoxin 

exposure. Our results showed that lactate modulates IL-6 release in a similar 

manner to IL-1β and that D-lactate is more pro-inflammatory than L-lactate for 

both cytokines. In LPS-primed BMDMs, physiological L-lactate (1 mM) 

significantly lowered nigericin-induced and ATP-induced IL-6 secretion compared 

to the control condition (Figure 16B). Again, equimolar D-lactate (1 mM) did not 
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suppress IL-6 secretion, rather D-lactate (1 mM) increased IL-6 production 

compared to L-lactate (1 mM) in LPS primed BMDMs treated with nigericin or 

ATP (Figure 16B). Physiological D-lactate (100 µM) increased IL-6 release in 

LPS-primed BMDMs compared to physiological L-lactate (1 mM) after nigericin or 

ATP treatment (Figure 16B). In the presence of L-lactate (1 mM), D-lactate (25 

µM and 100 µM) prevented L-lactate lowering of IL-6 release in LPS-primed 

BMDMs treated with nigericin or ATP (Figure 16B). These findings show that 

compared to L-lactate, D-lactate generates a higher inflammatory response for 

an NLRP3 inflammasome-mediated cytokine (IL-1β), and a cytokine not 

processed through this inflammasome (IL-6). Further, the presence of a 

physiological dose of D-lactate prevented reduced NLRP3 inflammasome-

mediated IL-1β and IL-6 release caused by physiological L-lactate in response to 

known NLRP3 inflammasome activators in LPS-primed macrophages. 

4.8 NO production in primary macrophages during exposure to TLR4 and NOD1 

ligands and lactate  

 Our previous work showed that L-lactate lowers LPS-induced Nos2 

expression more than D-lactate in RAW 264.7 macrophages (Figure 7H). 

Inducible nitric oxide synthase (iNOS) that is encoded by the Nos2 gene is 

central to inflammatory macrophage polarization and function and generates 

nitric oxide upon activation with LPS and IFN-γ82. Increased Nos2 expression 

and higher NO production are biomarkers of M1 macrophage polarization, which 

is typical of a higher inflammatory status. Hence, we next compared the effect of 
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physiological and equimolar D-lactate and L-lactate during TLR4-mediated 

inflammation on NO production in primary bone marrow-derived macrophage 

(BMDM) culture. We also built on our work showing that co-stimulation with other 

inflammatory factors such as LPS priming plus nigericin can alter the D-lactate 

versus L-lactate response in BMDMs compared to LPS alone. BMDMs were 

differentiated by the Bailey et al. protocol using recombinant macrophage colony-

stimulating factors and co-stimulated with IFN-γ (Figure 14B)81. These BMDMs 

were treated with D-lactate (25 µM, 100 µM, 1 mM), L-lactate (25 µM, 100 µM, 1 

mM) or D-lactate in the presence of L-lactate (L-lactate 1 mM + D-lactate 25 µM, 

L-lactate 1 mM + D-lactate 100 µM) for 24 h and stimulated with TLR4 ligand 

LPS (derived from E. coli) and IFN-γ (10 ng/mL) or the NOD1 ligand FK565 (10 

µg/mL) and IFN-γ (10 ng/mL) for 16 h81. Nitrite content in the media was 

measured using Griess assay as an indicator of NO production. 

In IFN-γ co-stimulated BMDMs, physiological L-lactate (1 mM) significantly 

suppressed NO production compared to vehicle control in response to LPS (2 

ng/mL or 200 ng/mL) or FK565 (10 µg/mL) (Figure 17A). However, equimolar D-

lactate (1 mM) did not suppress NO production and increased NO production 

compared to L-lactate (1 mM) in IFN-γ co-stimulated BMDMs stimulated with 

LPS (2 ng/mL or 200 ng/mL) or FK565 (10 µg/mL) (Figure 17A). This finding 

shows that D-lactate and L-lactate when compared at equal doses, alter 

inflammation and macrophage activation differently, where D-lactate promotes 

cell-autonomous NO-mediated inflammation in macrophages.  
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Importantly, our data also shows that physiological D-lactate (100 µM) 

increases NO production compared to physiological L-lactate (1 mM) in IFN-γ co-

stimulated BMDMs despite the 10-fold differences in the lactate dose (Figure 

17A). Again, we treated primary macrophages with physiological levels of D-

lactate in the presence of L-lactate which reflects the physiological environment 

where both enantiomers are present together. In the presence of L-lactate (1 

mM), D-lactate (25 µM and 100 µM) prevented the ability of L-lactate to lower NO 

production in IFN-γ co-stimulated BMDMs (Figure 17A).  Therefore, a 

physiological dose of D-lactate prevented lower NO production mediated by 

physiological L-lactate in response to multiple bacterial ligands including TLR4 

and NOD1 activators. 

4.9 Comparison of primary macrophage differentiation and culture methods on 

lactate-mediated effects on IL-6 release, and whether co-stimulation is required 

We previously showed that 1 mM L-lactate 1 significantly reduced IL-6 

compared to the control and 100 µM D-lactate, but that physiological levels of D-

lactate were not sufficient to impair suppression of inflammation by L-lactate 

(Figure 15). However, in BMDMs treated with NLRP3 activators, the addition of 

physiological D-lactate prevented L-lactate-induced lowering of IL-6 release 

(Figure 16B). Similarly, D-lactate prevented L-lactate-induced lowering of NO 

which occurred in BMDMs differentiated with M-CSF and GM-CSF and co-

stimulated with IFN-γ (Figure 17B) Therefore, we aimed to determine whether 

BMDM differentiation using recombinant macrophage colony-stimulating factors 
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and IFN-γ co-stimulation may reveal lactate-mediated effects on inflammation, 

such as IL-6 secretion. Using this method of activating macrophages, we 

measured IL-6 release from BMDMs differentiated using the method published 

by Bailey et al.  Figure 14B). During LPS exposure (2 ng/mL and 200 ng/mL) and 

co-stimulation with IFN-γ (10 ng/mL), L-lactate treatment at 1 mM significantly 

lowered IL-6 release (Figure 17B). At LPS 2 ng/mL and 200 ng/mL, physiological 

D-lactate (100 µM) increased IL-6 release compared to L-lactate 1 mM (Figure 

17B). Again, adding physiological D-lactate (25 µM or 100 µM) in the presence of 

L-lactate 1 mM was sufficient to significantly increase IL-6 release compared to 

L-lactate 1 mM alone (Figure 17B). These data show that co-stimulation with 

IFN-γ and/or differentiation using recombinant macrophage colony-stimulating 

factors programs primary macrophages to generate more inflammation in 

response to D-lactate versus L-lactate. 

4.10 Effect of lactate transporter inhibition on NO production in primary 

macrophages during exposure to TLR4 and NOD1 ligands and lactate  

 We aimed to determine whether cellular transport of lactate was required 

for changes in NO production in macrophages. BMDMs were differentiated using 

the Bailey et al. method optimized for NO production and co-stimulated with IFN-

γ  (Figure 14B)81. Macrophages were treated with 1 mM NaCl as a control or 1 

mM L-lactate and lactate transporter inhibitor α-Cyano-4-hydroxycinnamic acid 

(αCHC) (0.5-7.5 mM) (Figure18A) or 3-hydroxy-butyrate acid (3-OBA) (0.3-5 mM) 
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(Figure 18B) for 24 h. Indicated groups were stimulated with LPS (200 ng/mL) 

and IFN-γ (10 ng/mL) for 16 h.  

In the presence of L-lactate 1 mM, αCHC suppressed nitrite release in 

BMDMs (Figure 18A). However, in the absence of L-lactate 1 mM, αCHC also 

decreases nitrite levels dose-dependently (Figure 18A). In the absence of 1 mM 

L-lactate, 3-OBA (0.3-5 mM) did not alter nitrite release compared to the LPS-

only group. However, 3-OBA also did not alter (increase) nitrite suppression by 1 

mM L-lactate. These data show that αCHC and 3-OBA are not suitable chemical 

inhibitors to study D-lactate versus L-lactate transport inhibition. The inhibitor 

αCHC has effects on NO in the absence of any lactate and 3-OBA did not alter L-

lactate mediated inflammation, and it is debated if 3-OBA even inhibits lactate 

transport83. 
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5.0 DISCUSSION 

 Many studies have investigated the metabolic basis of diseases such as 

type 2 diabetes and NAFLD. One emerging aspect is the connection between 

metabolism and immunity, where metabolic intermediates can alter tissue or cell-

specific immune responses. The Cori cycle was first described in 1929, and the 

role of lactate in host metabolism and health has been extensively researched. 

Lactic acid is a product of anaerobic glycolysis which is favoured in low-oxygen 

and low-glucose environments71,84. Lactate buildup in tissues is characteristic of 

inflammation and cancer, but recent research shows that lactate is more than just 

a biomarker of disease, but rather lactate engages as a bioactive molecule that 

can modulate immune responses71. Given that lactate is a key substrate in host 

glucose synthesis and metabolism, understanding its capacity to alter both 

inflammation and metabolism relating to metabolic disease is imperative. 

Microbial dysbiosis is known to exacerbate metabolic disease and comparing 

how host-derived L-lactate and microbial-derived D-lactate alter inflammation 

differently may identify mechanisms by which gut microbiota impact aspects of 

host immunity such as metabolic inflammation.  

A lot of published research does not distinguish between the use or 

investigation of L-lactate versus D-lactate. Some studies have shown that L-

lactate or racemic lactate suppresses pro-inflammatory responses, while others 

suggest that lactate exacerbates the inflammatory response. Errea et al. found 

that lactate inhibited GPR81-mediated inflammatory signalling in macrophages 
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by abrogating LPS-induced expression of pro-inflammatory cytokines IL-6, CD40 

and IL12p4070. Others have similarly shown that lactate promotes M2 

polarization of macrophages85,86. Importantly, the aforementioned studies focus 

on L-lactate or racemic D-/L-lactate. On the contrary, D-lactate can promote pro-

inflammatory macrophage-mediated immune responses in the liver, although the 

mechanism by which this microbial metabolite elicits this immunogenic effect 

remains unknown29. It was also unknown if D-lactate can increase cell-

autonomous immune responses in hepatocytes or macrophages. We have 

previously shown that reducing intestinal absorption of microbial D-lactate 

decreases blood glucose and mitigates insulin resistance in obese mice 

(Unpublished, 2020). The impact of D-lactate on mechanisms of metabolic 

disease such as metabolic inflammation is largely unknown. Understanding how 

D-lactate alters cell-autonomous immunity in macrophages and hepatocytes is 

positioned to increase our knowledge about how microbes can confer metabolic 

inflammation to the liver, which is relevant to blood glucose control and NAFLD. 

This is a key knowledge gap since levels of D-lactate and L-lactate are elevated 

in T2D patients’ urine and plasma58. When assessing cell-autonomous immunity, 

it was critical to determine the effect of D-lactate at physiological doses and in 

combination with L-lactate and other microbial components that engage innate 

immunity and the consequent effects on macrophage inflammation.  
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5.1 L-lactate lowers inflammatory gene expression in macrophages  

Identifying the role of D-lactate in macrophage programming and 

activation may further our understanding of how D-lactate can promote insulin 

resistance and the progression of NAFLD. We sought to fill this knowledge gap 

and compare the effect of D-lactate vs L-lactate on inflammation in 

macrophages.  

We first used an in vitro RAW 264.7 macrophage model to screen multiple 

inflammatory mediators at the transcript level. As previously observed by Errea et 

al.,70 we showed that D-lactate or L-lactate alone does not augment or alter pro-

inflammatory gene expression. Lactate is a non-immunogenic metabolite and 

there is no known immune receptor. However, metabolites can co-operate with 

known immunogenic ligands to alter immune responses. For example, SCFAs 

are also bacteria-derived metabolites that are not known to directly engage 

immune receptors but are still important modulators of inflammatory responses 

by altering immune responses in concert with immunogenic microbial 

components62,63. Therefore, we hypothesized that when combined with a 

microbial component that engages immunity such as a TLR4 or NOD1 ligand, D-

lactate would alter immune responses differently than L-lactate. Hence, we 

compared D-lactate vs L-lactate stimulated with low doses of the TLR4 ligand 

LPS. We observed that physiological levels of D-lactate increased specific 

markers of inflammation (i.e., Nos2) compared to physiological L-lactate, at 

doses reflective of the in vivo systemic blood environment. These findings show 
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that although D-lactate or L-lactate do not augment the net inflammatory 

response through synergy with TLR4 agonists such as LPS, the enantiomers 

play different roles in modulating innate immunity where L-lactate promotes less 

inflammation than D-lactate.  

To better reflect the physiological environment, we explored whether the 

combination of physiological doses of both L-lactate and D-lactate alters 

inflammation. In RAW 264.7 macrophages, we found that Nos2 expression 

significantly increased when, in the presence of 1 mM L-lactate, D-lactate is 

increased from 25 µM to 100 µM. This data further suggests that D-lactate is 

more pro-inflammatory than L-lactate, and D-lactate alters inflammation in the 

presence of L-lactate reflective of the physiological environment. In particular, 

increasing D-lactate from the lower part of the physiological range (25 µM) in the 

blood to the upper physiological range (100 µM) increases Nos2 even in the 

presence of 1 mM L-lactate. This is an important result because it shows that 

altering D-lactate in the micromolar range can affect immune responses despite 

L-lactate presence in millimolar concentrations. 

5.2 D-lactate promotes NO production in activated macrophages  

 We have shown that D-lactate alters inflammation differently than L-lactate 

in a cell-autonomous model, adding to recently published work showing that 

microbial-derived D-lactate from the gut altered immunity in the liver by 

programming tissue-resident macrophages to clear a bacterial infection29. It is 
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unknown through which signalling pathways D-lactate modulates immune 

responses, particularly in macrophages. 

We sought to characterize the inflammatory pathways modulated by 

lactate. Our results suggested that D-lactate may influence macrophage 

programming via increased Nos2 expression and NO production. We showed 

that physiological and equimolar D-lactate significantly increased NO production 

and rescued suppressed NO production by L-lactate in primary macrophages 

derived from mice. Combining physiological levels of L-lactate and D-lactate in 

vitro models the in vivo physiological environment where both enantiomers are 

present and act on macrophages. BMDMs were also classically activated by LPS 

and IFN-γ, causing increased NO production characteristic of M1 polarization87. 

This pro-inflammatory phenotype favours the release of inflammatory cytokines 

such as IL-6, which we also showed increased in response to physiological levels 

of D-lactate compared to L-lactate. Together, these findings highlight the pro-

inflammatory nature of D-lactate and the opposing effect on inflammation by L-

lactate.  

To confirm that extracellular L-lactate and D-lactate directly impact NO 

production, we tested the effect of various lactate transporter inhibitors. αCHC is 

a known inhibitor of MCT-1, which is a transporter responsible for lactate influx 

expressed on the cell membrane of macrophages70,88,89. MCT-1 appears to be a 

good target to inhibit lactate transport and alter immunity. MCT-1 transports both 

L-lactate and D-lactate across the cell membrane90.  Knockdown of MCT-1 
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reduced LPS-induced expression of iNOS, IL-1β and IL-6 in BV2 microglial cells, 

which are specialized macrophages found in the CNS91. We tested whether 

αCHC would inhibit L-lactate 1 mM-induced lowering of NO production in 

BMDMs. We found that αCHC dose-dependently inhibited NO production in the 

absence of L-lactate. In addition, NO production was very low at all doses of 

αCHC in the presence of 1 mM L-lactate. These data show that αCHC is not a 

suitable chemical inhibitor to study the effect of lactate on macrophage immunity.  

Validation of the dose-response relationship of αCHC and D-lactate versus L-

lactate cellular transport is needed. Even if this is done, αCHC may not be 

suitable since the chemical inhibited NO production without lactate.  

GPR81 is a cell surface receptor for lactate and is involved in propagating 

the immunomodulatory effects of lactate70,80,92. 3-OBA has been widely used in 

the literature as a purported GPR81 inhibitor, but 3-OBA has not been validated 

as an antagonist of GPR8180,93,94. Rather, 3-OBA is an agonist of GPR109A95. In 

fact, the use of 3-OBA as a GPR81 inhibitor has been criticized by Nezhady et al. 

who also claim that there are currently no known antagonists of GPR8183. As 

expected, 3-OBA did not alter NO production in the absence of 1 mM L-lactate. 

However, 3-OBA did not change NO production in the presence of 1 mM L-

lactate. Overall, validation of lactate transport inhibition and optimization of the 

dose of GPR81 and MCT-1 inhibitors are required as it is not clear if these 

inhibitors actually prevent lactate influx or if they have non-specific effects on NO 

production.  
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It is clear that D-lactate and L-lactate modulate macrophage inflammation 

differently. L-lactate promotes an anti-inflammatory response during pre-existing 

inflammation in classically activated macrophages. Even in the presence of L-

lactate, D-lactate promotes inflammation and characteristics indicative of M1 

macrophage polarization. We have identified that increased Nos2 expression and 

higher NO production is one mechanism by which D-lactate programs tissue-

resident macrophages. 

The role of Nos2 expression and NO production in adaptive and innate 

immune responses has been studied extensively. It is known that Nos2-mediated 

NO production plays a key role in host defence against bacterial infection by 

direct killing of pathogens96. Macrophage-mediated killing and phagocytosis of 

bacterial pathogens in the liver are dependent on reactive oxygen species 

production97. It has been shown in RAW 264.7 macrophages that induction of 

iNOS (Nos2) upregulates reactive oxygen species via protein kinase C assembly 

and activation of NADPH oxidase98. McDonald et al. showed that ROS-

dependent pathogen capture and killing by Kupffer cells is controlled by gut 

microbiota29. These authors also found that clearance of circulating pathogens 

was functionally regulated by gut microbiota-derived D-lactate29. We have shown 

that D-lactate promotes NO production in activated BMDMs, which may program 

macrophages to clear circulating bacterial infections via ROS production. The 

release of a bacterial metabolite from commensals protects against infection from 
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a pathogen, where we identified cell-autonomous NO response as a potential 

mediator of this immune response. 

5.3 L-lactate lowers NLRP3 inflammasome activation and IL-1β  

Other than the regulation of NO defined by our results, it was not clear 

what immune pathways were differentially regulated by L-lactate and D-lactate. 

Although our results showed that physiological D-lactate (100 µM) increased NF-

κB activation more than L-lactate (1 mM) in response to bacterial cell wall 

muropeptides acting on NOD1, the effect was very small. Further, this effect was 

not evident when stimulated with TLR4 ligand, LPS. Regulation of NF-κB 

appears not to be a key discriminator of the effects of D-lactate versus L-lactate. 

It is also possible that HEK-293T reporter cells used to model NF-κB activation in 

response to lactate are not a suitable model to study the interaction of lactate 

enantiomers and bacterial components.  

IL-6 secretion is downstream of NF-κB activation. Given that L-lactate 

lowered IL-6 secretion more than D-lactate in BMDMs co-stimulated with INF 

and LPS, the role of NF-κB should be re-visited in these polarized macrophages. 

These results suggest that co-stimulation and polarization of macrophages may 

be required for observing the effects of lactate enantiomers on TLR4-mediated 

immune responses. The HEK-293T model may not be ideal to capture this 

response, which could be macrophage-specific. 

We have provided in vitro evidence in support of D-lactate promoting 

inflammation more than L-lactate through NO production and IL-6 secretion. 
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Upon measuring inflammatory gene expression, we found that Il1β and Il18 

transcript levels significantly increased in liver tissue of GF mice colonized with 

bacteria that produced high levels of D-lactate versus low levels of D-lactate (i.e., 

D-lactateHI compared to D-lactateLO colonized mice), suggesting the involvement 

(or at least priming) of the NLRP3 inflammasome. During the priming step of the 

NLRP3 inflammasome, PRRs such as TLR4 respond to a PAMP and activate 

NF-κB leading to the production of pro-interleukin-1β (IL-1β) and pro-interleukin-

18 (IL-18). Activation of the NLRP3 inflammasome, such as in the presence of 

exogenous ATP, or pore-forming toxins (such as nigericin) results in NLRP3 

assembly, Caspase-1 activation, and cleavage and secretion of the bioactive 

forms of IL-1β and IL18.  

It is not yet clear how D-lactate could increase the priming step of the 

NLRP3 inflammasome, which may have not been modelled well in our 

experiments using naive HEK293T reporter cells.  Given the results in mouse 

livers, we assessed a role for D-lactate versus L-lactate in NLRP3 activation in 

LPS-primed macrophages. We compared the effect of physiological and 

equimolar levels of D-lactate and L-lactate in BMDMs in response to TLR4 ligand 

LPS and known NLRP3 inflammasome activators nigericin and ATP. 

Physiological levels of L-lactate (i.e., 1mM) significantly lowered IL-1β release 

compared to equimolar and physiological D-lactate. Equimolar D-lactate (i.e., 1 

mM) did not lower IL-1β secretion in response to NLRP3 activators. Further, D-

lactate prevented L-lactate-induced lowering of IL-1β. These data show that L-
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lactate decreases activation of the NLRP3 inflammasome, but D-lactate 

generates an environment where the NLRP3 inflammasome is more active and 

that this can happen in a cell-autonomous manner in macrophages. If this effect 

was specific to the NLRP3 inflammasome then cytokines other than IL-1 (and 

IL-18) would respond differently to D-lactate. We found that the same effect of D-

lactate induces higher inflammation compared to L-lactate for IL-6 secretion in 

response to NLRP3 inflammasome activators nigericin and ATP in LPS-primed 

macrophages. Others have shown that GPR81 activation by lactate reduces the 

effect of TLR4 agonists via attenuation of NF-κB and inhibition of NLRP3 

inflammasome-mediated release of IL-1β69,99. Here, we have honed this 

response and discovered that the effect of lactate on NLRP3 inflammasome 

activation is enantiomer specific. 

The ability of gut commensal bacteria to modulate immune responses in 

distant tissues suggests a method of long-distance communication. We have 

shown that TLR4 ligands and small molecule metabolites derived from gut 

microbiota, such as D-lactate, increase NLRP3 inflammasome-mediated IL-1β 

production compared to L-lactate. Further, autocrine induction of IL-1β levels also 

induces the production of secondary inflammatory mediators such as IL-6100. 

Following NLRP3 inflammasome-mediated inflammation, these inflammatory 

cytokines can exacerbate insulin resistance and promote the progression of 

obesity and T2D101. Our data shows that D-lactate, compared to L-lactate, 

promotes NLRP3 inflammasome-mediated IL1β production which can drive IL-6 
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signalling downstream which may promote insulin resistance and the progression 

of T2D.  

5.4 Future directions 

We have shown that D-lactate and L-lactate have different effects on 

macrophage inflammation, given specific co-stimulation and polarization signals.  

NO production, a key characteristic of M1 polarization, is lower in macrophages 

treated with L-lactate. A future direction for this work would be to determine 

whether D-lactate or L-lactate promote other indicators of the M1 or M2 

polarization spectrum in BMDMs. One method of determining the degree of M1 

vs M2 polarization is by comparing gene signatures in response to lactate by 

using a ratio of interleukin-12b (IL-12b)/arginase-1 gene expression, as 

described by others87. Future tests may also involve measuring M1 surface 

markers such as TLR4, CD80, CD86 and iNOS, and M2 surface markers CD206, 

CD163 and CD209102. 

Another future direction for this work is to optimize lactate transporter 

inhibition. Our results showed that αCHC and 3-OBA did not modulate L-lactate-

induced lowering of NO production in classically activated BMDMs. An important 

future test would be to confirm whether αCHC and 3-OBA or other potential 

inhibitors are inhibiting L-lactate and D-lactate transport by measuring the cellular 

transport of radiolabeled D-lactate and L-lactate into BMDMs. Inhibition of lactate 

transport by αCHC and 3-OBA would require dose and timepoint optimization. If 
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αCHC and 3-OBA or another inhibitor sufficiently inhibit lactate transport, the next 

step would be to find a dose and time that does not independently alter NO 

production (ie. in the absence of L-lactate) and re-test if inhibition of lactate 

transport alters NO production. Another important future direction would be to 

delete MCT-1 and/or GPR81 and assess L-lactate and D-lactate transport and 

NO levels. 

 A recent seminal paper showed that microbial-derived D-lactate 

programmed hepatic Kupffer cells to clear a circulating pathogen infection29. 

Thus far, we have compared the effect of physiological D-lactate and L-lactate on 

single cell types in vitro. It is unknown how lactate may alter the communication 

between immune and metabolic cells like macrophages and hepatocytes. An 

important future direction is to co-culture or trans-well culture primary mouse 

hepatocytes and macrophages. One important goal would be to identify if and 

how macrophages can relay inflammatory signals to alter metabolism in 

hepatocytes, including measurement of changes in D-lactate and L-lactate 

metabolism, glucose production and lipogenesis. These results are important for 

understanding how D-lactate could contribute to aspects of type 2 diabetes and 

NAFLD.  

5.5 Limitations 

 There are several limitations to this thesis. Cell viability in HEK-293T, 

RAW 264.7, BMDMs and primary hepatocytes in response to increasing doses of 
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lactate was not quantitatively determined. The effect of high doses of D-lactate 

and L-lactate on cell viability, especially in HEK-293T cells where a lactate dose-

response of 1 μM-10 mM was performed, should be determined to ensure that 

the observed inflammatory responses were not caused by impaired cell viability. 

Another key consideration is whether 5 mM-10 mM D-lactate or L-lactate alters 

treatment media pH, which may also cause impaired cellular and immune 

function. 

After initial experiments, it was identified that differentiating BMDMs with 

recombinant GM-CSF and M-CSF and co-stimulating with IFN-y revealed that D-

lactate was more inflammatory than L-lactate in these macrophages exposed to 

microbial components. Experiments performed in RAW 264.7 cells or HEK-293T 

cells were not co-stimulated with IFN-y and may not respond to lactate 

comparably to activated macrophages. Therefore, these cell models were used 

for initial investigative purposes before translating the lactate treatments into 

primary macrophages. We also did not solve if differentiation with recombinant 

GM-CSF and M-CSF or co-stimulation with IFN-y (or both) was the factor in 

programming macrophages to respond to D-lactate differently than L-lactate. 

The effect of chemical lactate inhibitors on NO production was 

unexpected. αCHC is a known antagonist of MCT-1 and has been used 

extensively in the literature, but it may have non-specific effects on NO. Although 

3-OBA has been widely used by others as a GPR81 inhibitor, it has not been 

confirmed as an antagonist of GPR81. This is a major limitation in interpreting the 
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data and determining the efficacy of αCHC and 3-OBA as reliable lactate 

transporter inhibitors.  
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6.0 CONCLUSION 

 The role of D-lactate in metabolic inflammation was not well investigated 

in previous research. This was a key knowledge gap since L-lactate and D-

lactate are rarely (if ever) included in the media during immune cell assessments 

and previous tests have not been done comparing physiological doses of L- 

versus D-lactate. Here, we have optimized an in vitro model to test the effect of 

physiological D-lactate and L-lactate in macrophages to understand how these 

lactate enantiomers influence inflammation. L- or D-lactate alone does not alter 

immunity. Hence, our model included combinations of low-level bacterial 

components that are ligands for pattern recognition receptors and physiological 

doses of L- and/or D-lactate. We showed that D-lactate promotes higher 

inflammation than L-lactate in macrophages evidenced by higher levels of the 

inflammatory cytokine IL-6, higher NO production and higher NLRP3 

inflammasome activation after exposure to bacterial cell wall components. Higher 

levels of microbial-derived D-lactate may polarize macrophages toward NO 

production and activate the NLRP3 inflammasome in the liver. An important 

future direction is to investigate the role of lactate in the immune-metabolic 

relationship between macrophages and hepatocytes. Our research may lead to 

investigating whether the effect of D-lactate on inflammation in vitro occurs in 

vivo and participates in altering metabolic disease processes. Identifying the role 

of microbial D-lactate in metabolic disease may lead to the development of 

interventions that lower D-lactate and lower risk factors for T2D and NAFLD. 
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Figure 1: The Cori cycle. 

Glucose is metabolized via anaerobic glycolysis into lactate, predominantly L-lactate. D-
lactate is provided by gut microbiota via the portal circulation. Both L-lactate and D-
lactate are used as substrates by the liver in host glucose synthesis such as 
gluconeogenesis. 
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Figure 2: Immunogenic microbial products and metabolites can synergize to 
alter immune responses. 
 
Non-immunogenic metabolites can synergize with microbial products from gut microbiota 
via PRR activation and modulate immune signalling. 
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 24 h 48 h 

 4°C 37°C 4°C 37°C 

Vehicle 7.35 7.60 7.88 7.87 

D-lactate (100 μM) 7.42 7.60 7.84 7.93 

L-lactate (100 μM) 7.25 7.62 7.85 7.89 

L-lactate (5 mM) 7.37 7.61 7.86 7.91 

D-lactate (100 μM) + L-lactate (5 mM) 7.37 7.60 7.84 7.90 
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Figure 3: Endotoxin contamination and pH of lactate in media. 

Measures of (A) pH and (B) endotoxin contamination levels in low-glucose DMEM with 
L-lactate and/or D-lactate. Values represented as mean  ±SEM, n=1-3 for endotoxin 
contamination measurements.  
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Figure 4: Schematic of experimental design and method of colonized GF mice. 

Levels of D-lactate produced by L. intestinalis ASF360 and L. reuteri I46 were measured 
in pmol of D-lactate/106 cells by D-lactate colorimetric assay (A) and colonization of GF 
mice with high or low producers of D-lactate (B) performed by Dr. Anhê. Values are 
represented as mean ±SEM, n=3 for each group. *significantly different from L. 
intestinalis ASF360 by two-tailed parametric unpaired t-test. 
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Figure 5: Inflammatory gene expression in GF mice colonized with high or low 
producers of D-lactate.  

Relative gene expression in the liver (A) and adipose tissue (B) of mice colonized with 
Lactobacillus reuteri (D-lactateLO) or Lactobacillus intestinalis (D-lactateHI). Values are 
represented as mean  ±SEM, n=10 for D-lactateHI group and n=14 for D-lactateLO group 
where each replicate represents a separate animal. Significant differences between D-
lactateHI and D-lactateLO were found using two-tailed unpaired, nonparametric Mann-
Whitney tests for non-normal data or two-tailed unpaired, parametric t-tests for normal 
data. *significantly different from the D-lactateLO group. 
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Figure 6: Schematic of RAW 264.7 macrophage experimental design and culture 
methods. 
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Figure 7: Inflammatory gene expression in RAW 264.7 macrophages during 
endotoxin exposure in response to physiological or equimolar lactate. 

Changes in relative gene expression of (A) Il6, (B) Il1β, (C) Il123, (D) Cd40, (E) Tnf, (F) 
Il18, (G) Il10, (H) Nos2 and (I) Ccl2 in RAW 264.7 macrophages treated with D-lactate or 
L-lactate for 24 h and stimulated with LPS (20 ng/mL) for 4 h. Values represented as 
mean  ±SEM, n=6 for all groups where each replicate represents a separate day or cell 
passage. Significant differences between D-lactate and L-lactate were found using a 
one-way ANOVA for normal data or Kruskal-Wallis test for non-normal data. 
*significantly different from the indicated group. 
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Figure 8: Inflammatory gene expression in RAW 264.7 macrophages during 
endotoxin exposure in response to D-lactate in the presence of L-lactate. 

Changes in relative gene expression of (A) Il6, (B) Il1β, (C) Il123, (D) Cd40, (E) Tnf, (F) 
Il18, (G) Il10, (H) Nos2 and (I) Ccl2 in RAW 264.7 macrophages treated with D-lactate in 
the presence of L-lactate for 24h and stimulated with LPS (20 ng/mL) for 4h. Values 
represented as mean  ±SEM, n=6 for all groups where each replicate (i.e., dot) 
represents a separate day or cell passage. Significant differences between groups were 
found using a one-way ANOVA for normal data or Kruskal-Wallis test for non-normal 
data. *significantly different from the indicated group 
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Figure 9: Schematic of experimental design and method of primary mouse 
hepatocyte culture.  
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Figure 10: Inflammatory gene expression in primary mouse hepatocytes during 
endotoxin exposure in response to lactate. 

Changes in relative gene expression in response to 0, 0.2, 2, 20 ng/mL LPS of (A) Il6, 
(B) Nos2, (C) Il123 and (D) Cd40 in primary mouse hepatocytes. Values are represented 
as mean   ±SEM, n=9 for all groups where each replicate represents a separate day or 
animal. Significant differences between groups were found using the Fisher’s LSD test. 
*significantly different from the indicated group by two-way ANOVA. 
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Figure 11: Schematic of NF-κB activation detection using HEK-293T TLR4 
reporter cells. 

Stimulation with a TLR4 ligand such as E. coli LPS activates NF-κB fused to an IL12-p40 
promoter that regulates inducible SEAP production. Levels of SEAP secreted in the 
supernatant are proportional to NF-κB activation and measured using HEK-Blue™ 
Detection medium.  
  

https://www.invivogen.com/hek-blue-detection
https://www.invivogen.com/hek-blue-detection
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Figure 12: TLR4-mediated NF-κB activation during endotoxin exposure in 
response to D-lactate or L-lactate. 

Relative NF-κB activation in response to (A) 1 μM-10 mM L-lactate or D-lactate during 2 
ng/mL LPS exposure, (B) 1 μM-10 mM L-lactate or D-lactate during 0.5 ng/mL LPS 
exposure and (C) L-lactate 1 mM in the presence or absence of 25 μM or D-lactate 100 
μM D-lactate during 2 ng/mL LPS exposure in HEK-293T TLR4 cells. Values 
represented as mean  ±SEM, n=8 for all groups where each replicate represents a 
separate day or cell passage. Significant differences between groups were found using 
Kruskal-Wallis test for non-normal data. *significantly different from the indicated group. 
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Figure 13: NOD1-mediated NF-κB activation during endotoxin exposure in 
response to lactate. 

Relative NF-κB activation in response to (A)1 μM-10 mM L-lactate or D-lactate and (B) 

L-lactate 1 mM in the presence or absence of 25 μM or 100 μM D-lactate during 
NOD1 ligand 100 ng/mL FK565 exposure in HEK-293T NOD1 cells. Values represented 
as mean  ±SEM, n=8-9 for all groups where each replicate represents a separate day or 
cell passage. Significant differences between 100 μM D-lactate and 1 mM L-lactate were 
found using the Fisher’s LSD test for normal data. *significantly different by two-way 
ANOVA. 
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Figure 14:  Schematic of bone marrow-derived macrophage experimental design 
and culture methods. 

Methods of BMDM differentiation and cell culture using (A) L929 conditioned media or 
(B) recombinant macrophage colony-stimulating factors and IFN-γ co-stimulation 
adapted from Bailey et al.81. 
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Figure 15: IL-6 release by BMDMs during endotoxin and muropeptide exposure 
in response to lactate. 

IL-6 release in BMDMs treated with D-lactate, L-lactate or D-lactate in the presence of L-
lactate for 48 h and stimulated with LPS (2 ng/mL), LPS (200 ng/mL) or FK565 (10 
μg/mL) for 48 h. Values represented as mean  ±SEM, n=9 for all groups where each 
replicate represents a separate day or animal. Significant differences between groups 
were found using Fisher’s LSD test for normal data. *significantly different from the 
indicated group by two-way ANOVA. #significantly different from control by two-way 
ANOVA. 
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Figure 16: Cytokine production in response to lactate and NLRP3 inflammasome 
activators following endotoxin exposure in BMDMs. 

IL-1β release (A) and IL-6 release (B) in BMDMs treated with D-lactate, L-lactate or D-
lactate in the presence of L-lactate for 24 h and stimulated with nigericin (20 μM) for 30 
min or ATP (2.5 ng/mL) for 1 h and LPS (200 ng/mL) for 4 h. Values are represented as 
mean  ±SEM, n=6 for all groups where each replicate represents a separate day or 
animal. Significant differences between groups were found using Fisher’s LSD test for 
normal data. *significantly different from the indicated group by two-way ANOVA. 
#significantly different from control by two-way ANOVA.  
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Figure 17: NO production in IFN-γ co-stimulated BMDMs during endotoxin or 
muropeptide exposure in response to lactate. 

Measures of (A) nitrite release and (B) IL-6 release in BMDMs treated with D-lactate, L-
lactate or D-lactate in the presence of L-lactate for 24 h and stimulated with LPS (2 
ng/mL), LPS (200 ng/mL) or FK565 (10 μg/mL) and IFN-γ (10 ng/mL) for 16 h. Values 
are represented as mean  ±SEM, n=9 for all groups where each replicate represents a 
separate day or animal. Significant differences between groups were found using a 
Fisher’s LSD test for normal data. *significantly different from the indicated group by two-
way ANOVA. #significantly different from control by two-way ANOVA.  



MSc. Thesis - A. Singh; McMaster University - Biochemistry 

 83 

0

10

20

30

N
it

ri
te

 (
μ

M
) ϕ

ϕ

ϕ

#
#

#

✱

✱

✱

✱

Vehicle
Control
0.5 mM
2 mM
5 mM
7.5 mM

L-lactate 1 mM

LPS 200 ng/mL -   +   +   +   +   +      -   +   +   +   +  +
-   -    -    -    -    -     +   +   +   +   +  +

A

0

10

20

30

N
it

ri
te

 (
μ

M
)

ϕ
ϕ ϕ ϕ ϕ

L-lactate 1 mM

LPS 200 ng/mL -   +   +   +   +   +      -   +   +   +   +  +
-   -    -    -    -    -      +  +   +   +   +  +

Vehicle
Control
0.3 mM
1 mM
3 mM
5 mM

B

 
 
 
Figure 18: Effect of lactate transporter inhibition on nitrite release following 
endotoxin exposure in response to L-lactate in BMDMs. 

Nitrite release in bone marrow-derived macrophages treated with L-lactate for 24 h and 
(A) αCHC (0.5 mM - 7.5 mM) or (B) 3-OBA (0.3 mM - 5mM) for 24 h and stimulated with 
LPS (200 ng/mL) for 16 h. Values are represented as mean  ±SEM, n=6 for all groups 
where each replicate represents a separate day or animal. Significant differences 
between groups were found using Fisher’s LSD test for normal data. *significantly 
different from the indicated group by two-way ANOVA. #significantly different from LPS 
by two-way ANOVA. ϕsignificantly different from the vehicle by two-way ANOVA. 

 


