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Abstract

Blood lactate concentrations have traditionally been utilized as an index of exercise intensity or
clinical hyperlactatemia. However, more recent data suggests that fasting plasma lactate can also
be indicative of the risk for subsequent metabolic disease. The hypothesis presented is that fasting
blood lactate accumulation reflects impaired mitochondrial substrate utilization, which in turn
influences metabolic disease risk.

Summary

Fasting lactate concentration and is predictive of metabolic health and disease.
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INTRODUCTION

The incidence of chronic diseases such as cardiovascular disease, obesity and type 2 diabetes
(T2D) is reaching epidemic proportions. In relation to intervention and prevention there is
evidence indicating that cardiorespiratory fitness and health are closely related. For example,
Wei et al. followed 25,714 men and reported that a low level of cardiorespiratory fitness was
an independent predictor of subsequent cardiovascular disease and all-cause mortality (1).
Myers et al. followed 6,213 men for 6.2 years and concluded that exercise capacity is a more
powerful predictor of mortality than other established risk factors for cardiovascular disease
(2). In relation to a causative factor, Zwaard et al. found a relationship between
mitochondrial capacity in skeletal muscle and VOomax (2 = 0.89, P<.001) when studying
subjects ranging from chronic heart failure to professional cyclists (3). Skeletal muscle plays
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a substantive role in maintaining glucose homeostasis by acting as a reservoir for ~80% of
insulin-mediated glucose disposal (4). The fates of glucose entering the muscle fiber
includes both the glycolytic and oxidative pathways, with the mitochondria playing a
fundamental role in skeletal muscle oxidative processes. Defects in skeletal muscle
mitochondria are thought to precede the developmental of metabolic diseases making the
mitochondria a key organelle in prevention and/or treatment (5). In support of the role of the
mitochondria, there is a substantial body of evidence that mitochondrial function is impaired
in the muscle of individuals with obesity and those with T2D (5-7).

A healthy metabolism appropriately adjusts the rate of substrate oxidation according to
substrate availability. For example, in the fed hyperinsulinemic condition carbohydrate is the
primary substrate oxidized, whereas fat is primarily oxidized in the fasting state. The ability
to appropriately adjust substrate oxidation relative to substrate availability is termed
metabolic flexibility. The inefficient switching of substrates in response to a metabolic
challenge, or a deficit in metabolic flexibility, has been implicated in obesity and insulin
resistance and linked with mitochondrial substrate utilization (8). As an example, skeletal
muscle from humans with obesity minimally increased glucose oxidation with insulin
exposure and preferentially partitioned carbohydrate towards net lactate release (9).

It is well established that intracellular carbohydrate and lipid metabolism are dependent on
mitochondrial content and (10). In skeletal muscle during rest, glucose entering the cell can
be converted to pyruvate and transported into the mitochondria as acetyl-CoA for use in the
tricarboxylic (TCA) cycle. Glucose that is not completely oxidized enters glycolysis and
produces lactate (11). The net release of lactate seen in skeletal muscle from obese
individuals suggests that impairments in the TCA cycle could be a culprit leading to a deficit
in metabolic flexibility. Together, these data suggest that an impairment in mitochondrial
substrate utilization in human skeletal muscle is linked with metabolic disease and identifies
a role for lactate in both glycolytic and oxidative metabolism.

Lactate is regarded as a major energy source, gluconeogenic precursor, and a signaling
molecule that regulates lipid and carbohydrate metabolism even under aerobic conditions
(11). Lactate is considered to be the nexus of glycolytic and oxidative metabolism as it is
essentially “shuttled” between two major energy producing pathways, glycolysis and
oxidative phosphorylation. In cells, the lactate shuttle is said to occur between a glycolytic
producer and an oxidative consumer, which is characteristic during prolonged exercise. In
healthy individuals at rest, mitochondrial oxidation supplies the majority of the energy
required and lactate production through glycolysis is minimal. Lactate production is
increased by either increasing energy expenditure or through a reduction in the energy
produced by aerobic oxidation. Thus, elevated lactate can be an indication of increased
reliance on glycolysis and used as a novel biomarker in clinical settings for predicting those
at risk for metabolic disease. Therefore, we hypothesize that lactate reflects in vivo oxidative
metabolism and metabolic flexibility, which in turn influences disease risk.
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BLOOD LACTATE

In working muscle, lactate is often considered to be a metabolic byproduct of inadequate
oxygen supply. However, lactate is now known to be produced even under aerobic
conditions (11). In the exercise literature, lactate production, disposal, and clearance are
higher in well trained cyclists than their healthy sedentary counterparts (12). Thus, for a
similar given power output, lactate is lower in trained than sedentary individuals. It has also
been demonstrated that lactate clearance is higher in skeletal muscle after endurance training
(13). A recent study compared elite athletes to individuals with metabolic syndrome (14).
Remarkably, at rest blood lactate concentration in individuals with the metabolic syndrome
approximated that of trained cyclists exercising at a load of 300W. This dramatic difference
lends credence to the notion that lactate may act as a proxy for metabolic health by
functioning as an index of mitochondrial substrate utilization.

In support, fasting lactate concentrations have been used as an indicator of the severity of
acute illnesses or injuries such as shock, sepsis, burns, and malignancy (15). We and others
suggest that fasting lactate can also be a useful predictor of metabolic disease. In the
Atherosclerosis Risk in Communities (ARIC) trial the lowest quartile of fasting lactate
concentrations had a 12% incidence of T2D while 30% of the highest quartile were diabetic
(16). In a case-cohort analysis of 544 diabetic cases and 533 non-cases, lactate at baseline
predicted incident T2D (17). Another report from the ARIC study, (8,045 subjects without
T2D at baseline and median follow-up of 12 years) showed that elevated fasting lactate
preceded T2D (18). These studies demonstrate an association between fasting plasma lactate
and T2D and suggest that lactate may be a useful predictor of individuals at risk for this
disease. However, the underlying mechanism(s) linked with the accumulation of fasting
lactate is not evident; in this paper we present our hypothesis implicating an underlying
deficit in mitochondrial substrate utilization of skeletal muscle due to a defect in the TCA
cycle.

We have performed several fongitudinal studies to validate the relationship between fasting
lactate, as a proxy for /n vivo oxidative metabolism, and metabolic health (19). As shown in
Fig. 1 Panel A, severely obese (BMI = 40 kg/m?2) patients who were on an 800 kcal/day diet
for a week prior to Roux-en-Y gastric bypass (RYGB) surgery displayed lactate
concentrations that were lower than when consuming an ad-lib diet (obese column vs.1 week
pre-RYGB). Thus, a low-calorie diet, which is known to improve metabolic health, reduces
resting/fasting plasma lactate. As early as a week after RYGB (1-week post RYGB) fasting
plasma lactate was further depressed and 1-9 months’ post-surgery, resting/fasting lactate
decreased even more (Fig. 1, Panel B). It is important to note that at 7-9 months’ post
RYGB, patients are consuming ~2,500 kcal/d and are weight-stable, indicating that energy
deficit alone does not influence fasting lactate (20). As presented in Fig 1B, subjects with
metabolic syndrome subjected to a 9-month exercise program reduced fasting lactate
concentration. Furthermore, a study has shown that progressive weight loss (5% t016%)
leads to a decrease in fasting lactate concentrations in individuals with obesity (21). The
change in fasting lactate after 5% weight loss inversely correlated with the change in insulin
sensitivity. Together, these data indicate that interventions which improve metabolic health
reduce the accumulation of fasting plasma lactate.
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One could question how a low-calorie diet or RYGB may increase mitochondrial substrate
oxidation. Studies on calorie restriction have shown improvements in mitochondrial
biogenesis (22) and capacity (23). Similarly, mitochondrial capacity was also improved
following RYGB (24). We believe these observations support our over-arching hypothesis
that /n vivo oxidative metabolism pathways are depressed in individuals at risk for metabolic
disease and interventions which increase oxidative capacity reduce risk.

RELATIONSHIP BETWEEN METABOLIC FLEXIBILITY AND METABOLIC

HEALTH.

The concept of metabolic flexibility was introduced by Kelley and Mandarino in classic
experiments where they measured the respiratory quotient across a muscle bed (25). In the
basal state, lean individuals oxidized predominantly fat, but when challenged with insulin
switched to carbohydrate. In contrast, individuals with obesity did not adjust oxidation in
response to insulin which is indicative of metabolically inflexibility. Being able to switch
substrates also extends to lipid oxidation; for example, lean controls fed a high fat diet
adjusted within days to a preference for fat oxidation (26). In contrast, subjects with obesity
were in positive fat balance as they required a longer period to adjust oxidation; during
positive fat balance, there was increased lipid deposition into adipose tissue as well as
ectopic depots (muscle, liver, and pancreatic beta cells). Thus, the /nability to adapt to
substrate availability (metabolic flexibility) provides a physiological milieu for the
development of metabolic dysfunction.

Our group has studied metabolic flexibility by imposing a high fat diet (HFD) and
determining the ability of skeletal muscle to adjust lipid oxidation (27, 28). When a HFD
was provided for 3 days, the ability of muscle to oxidize fatty acids increased significantly in
lean individuals, but did not change in individuals with obesity. Some studies have further
elucidated these mechanisms using endurance-trained subjects and lipid perfusion during a
hyperinsulinemic euglycemic clamp (29, 30). Both concluded that the muscle of endurance-
trained subjects can increase fatty acid oxidation (and decrease glucose oxidation) when
presented with a lipid challenge. The authors also reported higher mitochondrial capacity in
the muscle of the endurance-trained subjects indicating the essential role of this organelle in
the control of metabolic flexibility.

The critical role of the mitochondria in metabolic flexibility was first described such that
increases in fatty acids promotes lipid oxidation and suppression of glucose oxidation (31).
Skeletal muscle mitochondria rely on fatty acids and glucose to produce ATP. The pyruvate
dehydrogenase complex (PDH) controls entry of glucose-derived carbons into the
mitochondria (32) and studies have shown that PDH plays a crucial role in metabolic
flexibility in muscle (33, 34). In a recent study of isolated rodent skeletal muscle
mitochondria, the authors reported decreased pyruvate oxidation when adding a fatty acid
substrate to mitochondria that were already oxidizing pyruvate (35). Under conditions of
either high fat or high sucrose, there is a large decrease in TCA cycle flux. Lactate can also
directly supply acetyl-CoA to the TCA cycle and can act as the preferred fuel source in
working muscle (13). Therefore, lactate competition can affect glucose uptake, which likely

Exerc Sport Sci Rev. Author manuscript; available in PMC 2021 July 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Broskey et al.

Page 5

explains why both lactate and circulating glucose are higher in individuals with metabolic
disease. Ultimately, this sets the stage for TCA cycle flux as a major regulator in metabolic
flexibility at the cellular level since both glucose (via pyruvate) and fatty acids in addition to
lactate will supply acetyl-CoA for energy production.

TCA CYCLE FUNCTION AND LACTATE

As described in the previous section, mitochondria govern metabolic flexibility at the
cellular level. The TCA cycle is a key metabolic pathway of glucose and fatty acid oxidation
that generates NADH and FADH, for ATP production via respiration. Lactate can also drive
these processes by directly providing substrate for the TCA cycle. Lactate is oxidized to
pyruvate in the inner mitochondrial membrane by a lactate oxidation complex consisting of
mono-carboxylate transporter-1, its chaperone CD147, mitochondrial lactate dehydrogenase,
and cytochrome oxidase (11). Through this process, known as the “Intracellular Lactate
Shuttle”, lactate can give rise to acetyl-CoA for use by the TCA cycle similarly to beta-
oxidation of fatty acids and glucose oxidation via glycolysis. Lactate can create a
competition for substrate usage between glucose and fatty acid oxidation, by regulating
glucose disposal via GLUT4 and by malonyl-CoA inhibition of carnitine-palmitoyl
transferase-1, respectively (36). Furthermore, lactate can directly inhibit lipolysis in white
adipocytes through activation of the G-protein-coupled receptor (GPR81), further limiting
fatty acid oxidation (37). This is primarily through cyclic-AMP and the cAMP response
element binding (38). Activation of GPR81 has further implications for decreasing lipolysis
by lactate giving rise to acetyl-CoA and subsequently malonyl-CoA, which inhibits
mitochondrial FFA uptake by inhibition of CPT1 (36). However, it is not evident if lactate is
a cause or consequence of these alterations in substrate oxidation and lack of metabolic
flexibility.

One of our consistent observations is that individuals with severe obesity have a
compromised ability to oxidize substrates, including both fat and glucose in skeletal muscle
as well as the whole-body level. We have consistently reported that these individuals oxidize
fatty acids and glucose at a lower rate than subjects without obesity ranging from whole
body to in vitro studies using intact muscle fiber strips, muscle homogenates, and primary
cultured muscle cells (39). Since fat oxidation accounts for a large proportion of energy
expenditure at rest, this suggests that carbohydrate must be supplying a larger proportion of
energy in individuals with obesity. Indeed, fatty acid oxidation was depressed with a
compensatory increase in glycolysis in muscle from subjects with severe obesity (9). This
metabolic profile in skeletal muscle is consistent with data demonstrating that resting/fasting
plasma lactate is elevated in individuals with obesity (19). At rest, plasma lactate is in a
steady state determined by the rates of lactate production and utilization. An increase in
fasting plasma lactate could thus be due to either an increase in production or a decrease in
utilization through gluconeogenesis in the liver. If glucose production via gluconeogenesis
were suppressed, then we would expect that the rise in lactate would be mirrored by a
decrease in fasting glucose. The opposite is observed as evidence favors increased lactate
production since fasting glucose and lactate are positively correlated in groups of lean,
obese, and obese/diabetic patients at 1-week and 3-months after RYGB (40).
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Together, these findings suggest that in the fasting condition, glycolysis is accelerated in the
skeletal muscle of subjects with obesity compared to lean subjects. This scenario has led us
to the hypothesis of a “Vicious Cori Cycle” that is presented in Fig. 2, Panel B (40). Briefly,
because of the impairment in pyruvate oxidation in the muscle of obese individuals,
excessive lactate is exported to liver. The fact that glucose and lactate are positively
correlated (Fig. 2, Panel A) suggests that pyruvate oxidation is also impaired in liver and the
elevated lactate accumulation drives gluconeogenesis. The deficit in mitochondrial substrate
utilization may thus be a precursor to metabolic inflexibility, glucose intolerance and
subsequently T2D in individuals with overweight and obesity.

Increased reliance on muscle glycolysis under resting conditions is a puzzle as there is
clearly sufficient oxygen to supply the muscle with ATP, as indicated by the ability to
substantially increase ATP production to perform exercise. It is plausible that a decrease in
metabolic clearance rate may give rise to lactatemia. One explanation could be “accelerated
glycolysis”, which leads to an increase in net lactate release (41). However, we speculate
that there is a defect in the TCA cycle in the skeletal muscle of individuals with metabolic
disease that likely drive this accumulation of blood lactate. In support, we observed that
primary skeletal muscle cell cultures from individuals with severe obesity retained
alterations in glucose partitioning and displayed a depressed ability to stimulate glucose
oxidation and glycogen storage with insulin (42). This appeared to be due, at least in part, to
a reduction in TCA cycle flux. Together, these data suggest that the TCA cycle is altered in
human skeletal muscle with severe obesity in a manner which shunts glucose towards the
production of non-oxidized glycolytic end products (e.g. lactate). This was also reported in
data from individuals with T2D (43). Furthermore, we reported that TCA cycle
intermediates were lower in addition to a lower concentration of citrate with severe obesity
(42). This suggests that either the step of conversion from acetyl-CoA to citrate (citrate
synthase) is reduced and/or the amount of acetyl-CoA available for entry into the TCA cycle
is lowered with obesity. Direct measures of acetyl-CoA are needed to disentangle these two
conclusions. It has been shown that a mismatch between the early stages of TCA flux can
lead to mitochondrial accumulation of acetyl-CoA (44). Citrate synthase is the main entry
into the TCA cycle and does not bind acetyl-CoA without first binding oxaloacetate. We
have shown previously that citrate synthase is lower in skeletal muscle of individuals with
obesity (45). However, we did not see any differences in oxaloacetate nor pyruvate oxidation
rates, which suggests no defects in acetyl-CoA production (42).

CONCLUSIONS

Blood lactate concentrations can provide valuable insights into metabolic flexibility and
overall metabolic health. Herein, we provide a schematic (Fig. 3) that proposes the
interactions leading to accumulation of blood lactate. Defects in mitochondrial substrate
utilization and impaired TCA cycle flux leads to reduced aerobic oxidation. This reduction
in aerobic oxidation leads to a compensatory increase in glycolysis and a shift in metabolism
towards glycolytic products such as lactate. Impairments of the TCA at the level of the
muscle cell may be a key determinant in substrate partitioning and metabolic health. Overall,
these alterations in substrate handling at the cellular level contribute to metabolic
inflexibility and the advancement toward metabolic disease. This scenario thus provides a
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rationale by which elevated resting and/or fasting lactate can be used as a biomarker for
intrinsic metabolic health. Lactate is already in wide use in acute care medicine and trauma
as a reliable prognostic indicator of recovery and survival. Lactate infusion has been shown
to improve myocardial function in patients with septic shock, after cardiac surgery, and with
acute heart failure (46). In addition, lactate has the potential to be used for treatment of
tumors (47).

Fasting levels may, according to our studies, also prove to be a tool for a rapid and
inexpensive evaluation of the staging of the metabolic syndrome. Future studies should use
tracers at either the whole-body or skeletal muscle levels to determine if TCA cycle flux is
indeed compromised or if some other mechanism is involved. This tracer approach may be
particularly useful in primary myotubes acquired from donors with varying health statuses.
The primary myotube model offers the capacity to specifically isolate skeletal muscle
metabolism since these primary cells retain the metabolic characteristics of the donors (28),
and is thus particularly relevant to the study of human skeletal muscle. The role of lactate
metabolism and the regulation of these processes in human metabolic disease remains to be
fully elucidated.
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Key Points
. Lactate accumulation reflects the gap between lactate production and lactate
clearance.
. Lactate may be a useful marker for the assessment and staging of severe

obesity, type 2 diabetes and other expressions of the metabolic syndrome.

. The biological mechanisms linked with an accumulation of blood lactate
remain to be determined.
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Figure 1.
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Panel A: Fasting plasma lactate (mean + SEM) in subjects with and without obesity and
after Roux-en-Y gastric bypass (RYGB) surgery. * Significantly different from non-obese at
p = 0.032. # Significantly different from 1-week pre-RYGB at p = 0.02. Panel B: Fasting
plasma lactate (mean + SEM) in subjects with metabolic syndrome before and after six
months of endurance exercise training. * Significantly different from before at p < 0.0001.

Data from (19).
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Page 12

Panel A: A central tenet of our hypothesis is that complete glucose/pyruvate oxidation is

impaired in severe obesity and type 2 diabetes (T2D), which increases blood lactate

concentrations, drives liver gluconeogenesis, and elicits excessive hepatic glucose
production which in individuals with T2D progresses to hyperglycemia. In support of this
concept, when group means were plotted for patients with T2D before, 1 week after, and 3
months after Roux-en-Y gastric bypass a positive relationship between glucose and lactate
was evident. Panel B: Schematic of the “Vicious Cori Cycle”. Skeletal muscle of subjects

with obesity produces more lactate than lean subjects in the fasting condition and the

elevated lactate drives increased glucose production. This stems from an initial lesion (blue

X) in tricarboxylic acid cycle (TCA) function. The deficit in mitochondrial substrate
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utilization may thus be a precursor to metabolic inflexibility, glucose intolerance and
subsequently T2D.
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Figure 3.
Overall summary schematic of proposed mechanisms. We hypothesize that reduced aerobic

oxidation elicits a compensatory increase in glycolysis, which leads to metabolic
inflexibility and subsequent metabolic disease. Therefore, accumulation of blood lactate can
be used as a proxy biomarker for metabolic health.
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