1duosnuey Joyiny 1duosnuen Joyiny 1duosnuey Joyiny

1duosnuey Joyiny

Author manuscript
Chem Biol Interact. Author manuscript; available in PMC 2018 March 01.

-, HHS Public Access
«

Published in final edited form as:
Chem Biol Interact. 2017 March 01; 265: 16-23. doi:10.1016/j.cbi.2017.01.012.

Aldose reductase (AKR1B) deficiency promotes phagocytosis in

bone marrow derived mouse macrophages

Mahavir Singh?, Aniruddh Kapoor?, James McCracken®, Bradford Hill2, and Aruni
Bhatnagar?®”

aDiabetes and Obesity Center, Institute of Molecular Cardiology, Division of Cardiovascular
Medicine, Department of Medicine. University of Louisville, Louisville, Kentucky, USA

bDepartment of Internal Medicine, SSM Health St. Mary’s Hospital, Clayton Rd., Richmond
Heights, Missouri, USA

°Beckman Coulter, 4862 Innovation Dr., Fort Collins, Colorado, USA

Abstract

Macrophages are critical drivers of the immune response during infection and inflammation. The
pathogenesis of several inflammatory conditions, such as diabetes, cancer and sepsis has been
linked with aldose reductase (AR), a member of the aldo-keto reductase (AKR) superfamily.
However, the role of AR in the early stages of innate immunity such as phagocytosis remains
unclear. In this study, we examined the role of AR in regulating the growth and the phagocytic
activity of bone marrow-derived mouse macrophages (BMMs) from AR-null and wild-type (WT)
mice. We found that macrophages derived from AR-null mice were larger in size and had a slower
growth rate than those derived from WT mice. The AR-null macrophages also displayed higher
basal, and lipopolysaccharide (LPS) stimulated phagocytic activity than WT macrophages.
Moreover, absence of AR led to a marked increase in cellular levels of both ATP and NADPH.
These data suggest that metabolic pathways involving AR suppress macrophage energy
production, and that inhibition of AR could induce a favorable metabolic state that promotes
macrophage phagocytosis. Hence, modulation of macrophage metabolism by inhibition of AR
might represent a novel strategy to modulate host defense responses and to modify metabolism to
promote macrophage hypertrophy and phagocytosis under inflammatory conditions.
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1. Introduction

Macrophages are part of a functionally diverse, heterogeneous, innate myeloid cell
population of cells that maintain homeostasis via immune surveillance, tissue remodeling
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and repair. They are critical drivers of the inflammation-resolution axis and co-ordinate not
only removal of pathogens and detritus, but promote tissue repair and regeneration as well
[1]. As professional phagocytes, they eliminate bacteria, dead cells, and objects identified as
foreign via immune surveillance. They are also responsible for instructing the immune
system to mount an appropriate defense response as and when needed [2].

Phagocytosis is important during the acute inflammatory response as well as in the
resolution of chronic inflammation conditions. In the early phase of the innate immune
response, macrophages produce reactive oxygen species (ROS) and a host of pro-
inflammatory cytokines/chemokines to participate in bacterial killing and to regulate
inflammatory cascades. Subsequently, they are also capable of being reprogramed to a
phenotype capable of resolving inflammation, in part by generating bioactive, pro-resolving
lipid species. Although phagocytosis is central to both of these processes, its complex
regulatory aspects are less clearly defined. Both the acute and the chronic phases of
inflammation are intricately tied to several metabolic pathways, including those in
intermediary metabolism such as glycolysis and fatty acid oxidation [3, 4]. Nevertheless, the
metabolic pathways that integrate and control macrophage phagocytosis are not well
understood.

Aldose reductase (AKR1B) is a multifunctional aldo-keto reductase that catalyzes the
reduction of aldehydes ranging from glucose to lipid peroxidation products such as 4-
hydroxy-trans-2-nonenal (HNE) and acrolein [5]. Although the primary function of AR is to
regulate cellular osmolality by catalyzing the reduction of glucose to sorbitol [6, 7], several
studies suggest that AR plays an important role in inflammation [8]. In particular, AR has
been shown to regulate the production of key cytokines [9-11], which participate in acute
inflammatory responses [12—14]. It has also been shown to mediate endotoxin-induced
inflammation and cardiomyopathy [15]. Moreover, inhibition of AR has been shown to
protect against the insult of ischemic injury in both the hind limb [16] as well as the heart
[17, 18]. Despite this evidence showing that AR regulates inflammatory responses, the role
of AR in macrophage function is not known. Therefore, we examined how deletion of AR
regulates phagocytosis. We found that the absence of AR is associated with an increase in
macrophage phagocytic activity /n vitro, and that this phenotype is associated with slow
growth and changes in ATP abundance, pyridine nucleotide levels, and cell size. These
results suggest that AR controls the immune function of macrophages by regulating their
metabolic activity.

2. Materials and methods

All reagents used were of analytical grade and were purchased from the respective vendors
as indicated. Alpha tubulin antibody, LPS, TPP tissue culture flasks, 10 cm petridishes, and
6-well plates (Sigma, St. Louis, MO, USA), AR antibody (Santa Cruz Biotechnology, Santa
Cruz, CA, USA), ATP assay kit, NADP/NADPH assay kit (Abcam, Cambridge, MA, USA),
Calcein Green, AM (Molecular Probes, Life Technologies, ThermoFisher Scientific,
Waltham, MA, USA), Enhanced chemiluminescence (ECL plus) reagents were from Pierce
(Rockford, IL, USA), Fetal bovine serum (Atlanta Biologicals, Flowery Branch, GA, USA),
Gentamicin solution, Hepes, Horseradish peroxidase-conjugated anti-mouse and anti-rabbit
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IgG F(ab”), (Cell Signaling, Beverly, MA, USA), Phagocytosis assay kit (Cayman
Chemical, Ann Arbor, MI, USA), Protein assay kit (Biorad, Hercules, CA, USA),
RPMI-1640 medium (1x) with 2.05 mM L-glutamine and 2.0 g/L glucose (Hyclone
Laboratories, GE Healthcare Life Sciences, South Logan, UT, USA), Phosphate-buffered
saline were from (Gibco, Life Technologies, Waltham, MA, USA).

2.1 Macrophage culture

Immortalized murine macrophage cell lines were established by infecting the bone marrow
of wild-type C57BL/6J mice and C57BL/6J background AR-null homozygous mice with the
murine recombinant J2 retrovirus containing the v-myc and v-raf oncogenes as described
previously [19]. The resulting bone-marrow-derived macrophage (BMMs) cell lines were
cultured and maintained in RPMI-1640 supplemented with 5% fetal bovine serum (FBS),
1% HEPES, and 0.1% gentamicin, at 37°C and 5% CO, in a humidified incubator. For each
experiment the cells (passages 2—10) were sub-cultured and seeded a day before in either 6-
well plates or 10 cm petridishes in 2.0 ml or 10 ml medium respectively and treated as
indicated in the text. Where required, BMMSs were serum-starved overnight in the media
containing 0.1% fetal bovine serum (FBS). Treatment reagents were dissolved in Hank’s
balanced salt solution (HBSS, pH 7.4, 20 mM HEPES, 135 mM NacCl, 5.4 mM KClI, 1.0
mM MgCl,, 2.0 mM CaCly, 2.0 mM NaH,POy4, 5.5 mM glucose). After incubation for
indicated times, the cells were washed twice with HBSS, scraped, and resuspended in the
lysis buffer and the protein lysates were subjected to Western blotting (10-30 pg of total
protein loaded per lane; n=3).

2.2 Western blotting

Total cellular proteins were extracted from WT-BMMs and AR-null BMMs and the
expression level of AR was examined following a standard Western blotting protocol. In
brief, 10 or 30 pg of total protein amount of each sample was electrophoresed in 4-12% Bis
Tris Novex gels (Life Technologies, Waltham, MA, USA) and transferred to PVDF blot
membranes (Bio-Rad Laboratories, Hercules, CA, USA). The membranes were blocked
with 5% nonfat milk (Bio-Rad Laboratories, Hercules, CA, USA) solution and incubated
with primary antibodies at 1:1,000 (anti-AR; Santa Cruz Biotechnology, Santa Cruz, CA,
USA) overnight at 4° C followed by secondary horseradish peroxidase-conjugated anti-Ig
antibodies (Cell Signaling, Beverly, MA, USA) for 1-2 h. The enhanced chemiluminescence
detection system (ECL plus) reagents were from Pierce (Rockford, IL, USA) was used to
detect bands with peroxidase activity. Alpha tubulin (Sigma, St. Louis, MO, USA) served as
an internal reference.

2.3 Measurement of cells’ morphology and size

BMMs were cultured and synchronized using cell culture media containing 0.1% fetal
bovine serum (FBS). CellTrace Calcein Green AM (Molecular Probes, Life Technologies,
ThermoFisher Scientific, Waltham, MA, USA), a cell-permeant dye was added for labeling
viable cells during the experiment in an order to acquire size and shape of both WT and AR-
null BMMs. Calcein Green AM (Molecular Probes, Life Technologies, ThermoFisher
Scientific, Waltham, MA, USA\) is a fluorogenic cell-permeant dye that can be used to
determine cell viability and morphology. In living cells, the nonfluorescent Calcein Green
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AM (Molecular Probes, Life Technologies, ThermoFisher Scientific, Waltham, MA, USA) is
converted to an intensely green-fluorescent calcein after intracellular esterases remove the
acetoxymethyl (AM) esters. The cells were visualized using Evos, AMG microscope
(ThermoFisher Scientific, Grand Island, NY). Briefly, 100 x 100 pm grids having cells were
selected to measure the area accurately and the differences in size (cell-area) were measured
using the ‘Magic Wand” tool (Image J software).

2.4 Determination of cell population doubling time and the intracellular ATP concentrations

Equal number of WT-BMMs and AR-null BMMs were cultured in the fresh complete
medium containing and their growth was synchronized overnight using 0.1% fetal bovine
serum (FBS). The next day, cells were counted. The intracellular ATP concentrations were
measured using ATP assay kit (Abcam, Cambridge, MA, USA) according to the
manufacturer’s instructions. Absorbance was measured at 490 nm using Synergy Mx,
BioTek plate reader (BioTek, Winooski, VT).

2.5 Assessing phagocytosis in WT-BMMs versus AR-null BMMs

WT-BMMs and AR-null BMMs were seeded in 6-well plates, and growth synchronized in
0.1% fetal bovine serum (FBS) medium a day before. After 24 h, the cells were treated with
or without LPS (100 pM) for 12 h and then incubated the latex beads coated with
phycoerythrin (PE) labeled Rabbit-1gG. After 6 h of incubation, the cells were harvested for
measuring the kinetics of phagocytosis using a BD LSR 1l flow cytometer (BD Biosciences,
San Jose, CA). Fluorescence microscopy of the macrophages was also carried out after
platting them in complete growth medium. Intense red colored particles ingested by
phagosomes were photographed. For assessing the phagocytosis under microscope, Calcein
Green, AM (Molecular Probes, Life Technologies, ThermoFisher Scientific, Waltham, MA,
USA) was used to capture live cell images to detect engulfed fluorescent beads and DAPI
(Sigma, St. Louis, MO, USA) was used to stain the nuclei. Pictures were taken using Evos,
AMG microscope (ThermoFisher Scientific, Grand Island, NY).

2.6 Determination of NADPH in BMMs

NADP/NADPH levels were assayed by using NADP/NADPH assay kit (Abcam) according
to the manufacturer’s instruction. The fluorometric assay offers a sensitive detection of
NADP, NADPH and their ratio by recognizing NADP*/NADPH in an enzyme recycling
reaction. The assay was performed in a 96-well microtiter-plate and the resultant signal was
read by a fluorescence microplate reader at Ex/Em = 530-570/590-600 nm (maximum
Ex/Em = 540/590 nm) using Synergy Mx, BioTek plate reader (BioTek, Winooski, VT).

2.7 Statistical analyses

All data are mean + SEM. Comparisons and the corresponding statistical significance was
assessed by ANOVA for multiple samples or Student’s ¢test for unpaired samples as deemed
appropriate. Statistical significance was accepted at #< 0.05.

Chem Biol Interact. Author manuscript; available in PMC 2018 March 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Singh et al. Page 5

3. Results

3.1 AR-null macrophages are larger in size

Western blotting results confirmed that AR was abundant in WT-BMMs (upper panel) but
was undetectable in AR-null BMMs (Fig. 1A). Deletion of AR did not alter the expression
of housekeeping protein; alpha tubulin (lower panel). During regular culturing of the cells,
AR-null BMMs appeared to be larger than the WT-BMMs. To confirm this observation, we
synchronized both WT-BMMs and AR-null BMMs using cell culture media containing 0.1%
fetal bovine serum (FBS). Calcein Green, AM was added and the cell-area was recorded
using the ‘Magic Wand” tool (Image J software). As shown in Fig. 1B, the AR-null cells
appear larger than WT cells. The mean area of the AR-null BMMs was 192 pm?, whereas
that of the WT cells was 138 pm? (Fig. 1Ci). Frequency distribution of cell size indicated a
higher number of cells with a larger cell size (Fig. 1Cii, and 1Ciii). These data indicate that
deletion of AR results in a significant increase in BMM cell size.

3.2 AR deficiency slows macrophage growth despite higher ATP levels

In addition to being larger, the AR-null cells also displayed slower growth. Flow cytometry
analysis of doubling time showed that the doubling time of AR-null cells was significantly
longer (18 h) than the doubling time of WT cells (16 h; Fig. 2A). To examine whether this
slower rate of growth was due to a decrease in energy, we measured ATP levels of WT and
AR-null BMM. As shown in Fig. 2B, the ATP levels in AR-null BMM were significantly
higher than the ATP levels in WT cells. Taken together, these results indicate that despite
higher ATP content in the AR-null BMMs, AR deficiency slowed down the macrophage
growth, thus suggesting a regulatory role of AR in macrophage proliferation [20].

3.3 Deletion of AR increases macrophage phagocytosis

To measure the phagocytic function of WT and AR-null BMM, 1gG coated latex beads
labeled with phycoerythrin (PE) were added to medium containing macrophages in 6-well
plates and the cells were incubated at 37°C, in 5% CO,. Fluorescence microscopic
evaluation showed that there were more phagosomes per cell in AR-null BMMs than in the
WT-BMMs, suggesting that AR-null BMM had a higher phagocytic activity (Fig. 3A, lower
panel ii). To examine the time, course of this difference, we incubated BMM with the latex
beads for different times and measured their uptake. As shown in Fig. 3B, the uptake of
fluorescent beads by AR-null BMM was significantly higher at all-time durations examined,
such that the total number of beads per cell in AR-null BMM exceeded the number of beads
per WT BMMs Fig. 3C). To examine whether in addition to affecting basal phagocytosis,
deletion of AR also affects phagocytosis stimulated by LPS, we examined the uptake of
latex beads with or without LPS pre-treatment. Calcein green, AM was used to capture live
cell images and the comparable data were obtained for both cell types. As shown in Fig. 4,
both AR-null and WT-BMMs engulfed the beads but AR-null BMMs exhibited more
phagocytosis of beads than the WT-BMMs. LPS treatment further increased their phagocytic
activities. Taken together these data suggest that the presence of AR impairs phagocytosis,
and that its absence enhances the phagocytic activity of BMM.

Chem Biol Interact. Author manuscript; available in PMC 2018 March 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Singh et al. Page 6

3.4 Regulation of NADPH level by AR

Because AR uses NADPH to reduce its aldehydic substrates, increased activity of AR
suppresses the cellular levels of NADPH. Hence, to determine whether deletion of AR
affects intracellular NADP/NADPH levels we measured the levels of these nucleotides in
WT and AR-null BMMs using a NADP/NADPH assay system in which NADPH generated
by a glucose dehydrogenase cycling reaction reduces a formazan reagent. The optical
density of is the reduced reagent is read at 570 nm. As expected the levels of NADPH
contents were lower in WT-BMMs than the AR-null BMMs (Fig. 5A). This increase in
cellular NADPH levels led to an overall increase in the total amount of both the NADPH and
the NADP (NADPH+NADP) in AR deficient cells. (Fig. 5B). These data demonstrate that
AR regulates coenzymes’ levels in macrophages, and this regulatory mechanism may be
important in regulating the innate immune responses in macrophages.

4. Discussion

The major findings of this study are that deletion of AR increases cell size and doubling time
of BMM. These changes were accompanied by an increase in the phagocytic capacity in
AR-null cells, which had higher levels of ATP and NADPH than WT cells. These results
suggest that AR regulates both the growth and the phagocytic function of macrophages; and
therefore, may be an important modulator of immune responses.

Aldose reductase is an aldo-keto reductase that catalyzes NADPH-dependent reduction of
aldehydes [21, 22]. Although the active site of the enzyme is not well-suited for glucose
binding, the enzyme displays low activity with glucose. Under normal glucose conditions,
reduction of glucose by AR represents a minor pathway of glucose metabolism, however,
under conditions of hyperglycemia, a significant proportion of glucose is reduced by AR to
sorbitol. Accumulation of glucose-derived sorbitol has been linked to osmoregulation,
particularly in renal tubular cells, which upon high osmotic conditions, accumulate sorbitol
to balance the osmatic gap [23]. The contribution of AR in osmotic regulation in other cells
is not well known. Because AR reduces un-phosphorylated glucose, it completes with
glycolysis for glucose, and therefore an increase in AR activity decreases the flux of glucose
through the glycolytic pathway [24] by promoting sorbitol synthesis. Moreover, conversion
of sorbitol to fructose converts NAD* to NADH, resulting the accumulation of NADH,
which would further inhibit glycolytic activity by creating a state of pseudo-hypoxia [25,
26]. In agreement with this view, inhibition of AR has been found to increase glycolytic
activity [27, 28], presumably by making more glucose available for glycolysis and
increasing the NAD*/NADH ratio. The regulation of glycolysis by AR has cell-specific
effects; in cells that rely largely on glycolysis for energy production, increased activity of
AR could induce a state of energy deprivation. Moreover, even in tissues that do not derive
most of their energy from glucose, increased AR activity could compromise energy
production under conditions that need increased glycolytic activity such as hypoxia or
ischemia.

Since glycolysis plays an important role in fueling initial response to inflammatory
challenges in macrophages, which switch from oxidative phosphorylation to glycolysis [29],
we examined how deletion of AR would affect macrophage function and growth. We found
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that inhibition of AR slowed macrophage growth, but it increased their phagocytic activity.
These findings are consistent with previous observations showing that upon inflammatory
challenge, such as stimulation with the TLR4 agonist LPS, macrophages upregulate their
glycolytic activity, which is required not only to fuel increased cytokine production, but also
phagocytosis [30]. These studies have shown that different macrophage activities, like
spreading, formation of cell protrusions, as a cell phagocytosis of complement-opsonized
particles rely on extracellular glucose and are fueled by glycolysis, not oxidative
phosphorylation [30]. Hence, the increase phagocytosis in AR-null macrophages is
consistent with increased glycolysis and elevated levels of ATP in these cells. During their
phagocytic activity, macrophages have high energy demand [31], and reduced phagocytosis
in macrophages has been associated with a reduction in intracellular ATP contents [32].
Thus, elevated levels of ATP in AR-null macrophages could explain, at least in part, the high
phagocytic activity of these cells. Similarly, an increase in NADPH levels in the AR-null
mice would likely provide reducing equivalents for protection of macrophages against
reactive oxygen species and for biosynthesis required for phagocytosis and microbial
clearance.

Our data showing that AR deficiency up-regulates phagocytosis has wide implications in
understanding the metabolic dependence of inflammatory states such as sepsis, which is a
life-threatening dysregulated host response that triggers serious inflammation and multi-
organ failure. During sepsis, hypo-responsive immune cells struggle to clear infections.
Thus, inhibition of AR, leading to an increase in the phagocytic capacity of macrophages
may improve survival during sepsis. Also, improved immunity by AR-null macrophage may
reverse/replace the hypo-responsive endotoxin-tolerant cells that develop and persist during
sepsis. Indeed, our previous studies have shown that inhibition of AR prevents LPS-induced
sepsis, cardiac dysfunction, and mortality in mice [11, 15].

In the past, AR has received considerable attention as a potential therapeutic target for
preventing secondary diabetic complications [21, 22]. However, our data suggest that
regulation of macrophage function may be an equally important aspect of the physiological
role of AR. If such a role could be substantiated 7 vivo, it would indicate that
pharmacological inhibition of AR could help control inflammatory milieu stemming from
either injury or pathogens. In this regard, systematic examination of metabolic capacity of
cells from sepsis patients and comparative analysis of cell metabolism in healthy subjects
will be informative to help treat patients with aggressive and systemic inflammation,
particularly in the setting of metabolic diseases. Nonetheless, because AR can catalyze the
reduction of a wide range of aldehydes, the entirety of its function cannot be assessed from
studying one specific pathway. For instance, even though in our experiments inhibition of
AR acutely increased macrophage phagocytosis, chronically, loss of AR activity could result
in the accumulation of toxic lipid peroxidation products that could induce cell dysfunction
and death. /n vitro experiments show that AR displays much higher catalytic activity with
products of lipid peroxidation such as HNE and acrolein and their glutathione conjugates
and chronic treatment with AR inhibitors or deletion of the AR gene promotes the
accumulation of aldehyde-protein adducts [33] as well as advanced glycosylation end
products [34]. Hence, further studies are required to understand the role of AR in regulating
immune response in the context of its function as a detoxification enzyme and to develop
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treatment strategies that maximize the beneficial, while minimizing the potentially harmful
effects of AR inhibition.
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AR aldose reductase

ATP adenosine triphosphate

BMMs bone marrow derived macrophages
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NADPH nicotinamide adenine dinucleotide phosphate
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Fig. 1. Western blotting shows abundance of AR protein in WT-BMMs and its absence in AR-
null BMMs
Lysates were prepared from BMMs and probed with a monoclonal antibody against AR (A).

Total protein equivalent to 10 pug in lane 2, and 30 g in lane 4 was loaded from WT-BMMs
and an identical amount of 10 g in lane 3, and 30 pg in lane 5 was loaded from AR-null
BMMs (upper panel). Deficiency of AR did not have any effect on the expression of
housekeeping protein a-tubulin (lower panel). Lane 1 represents the protein marker. Calcein
Green, AM (B) was used to stain live cells and to measure the cell-area employing the
‘Magic Wand” tool (Image J software). The measurements revealed an increase in the mean
area of the AR-null BMMs compared to WT-BMMs (Ci, Cii, Ciii). Experiment were
repeated a minimum of 3-5 times, and the data represent mean + SEM, *P<0.05.
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Fig. 2. Lack of AR affects macrophages’ rate of division and the ATP levels
AR-null BMMs grow slowly than WT-BMMs (A) despite having the higher ATP levels (B).

Experiment were repeated a minimum of 3-5 times, and the data represent mean + SEM,
*P<0.05.
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Fig. 3. AR-null deficient macrophages show enhanced phagocytosis
PE-labeled IgG coated latex beads were used to test phagocytosis in live BMMs (A). AR-

null BMMs show more phagosomes per cell than WT-BMMs (A; lower panel ii). Percent
phagocytosis was quantitated at different time intervals (B) indicating enhanced
phagocytosis in AR-null BMMs (C). Scheme in panel (A) represent transmitted image (i),
PE-labeled phagosomes (ii), Calcein Green, AM (iii), DAPI (iv) and overlay of PE and
Calcein Green, AM (v). Arrows indicate phagosomes in the BMMSs). Experiment were
repeated a minimum of 3-5 times, and the data represent mean = SEM, *P<0.05.
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Fig. 4. The phagocytosis by BMMs was stimulated by LPS treatment
Uptake of latex beads by WT and AR-null BMMs with and without stimulation with LPS.

Experiment were repeated a minimum of 3-5 times, and the data represent mean + SEM,
*P<0.05.
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Fig. 5. AR regulates NADPH levels in BMMs
Levels of cellular NADPH in WT-BMMs than AR-null BMMs. Experiment were repeated a

minimum of 3 times, and the data represent mean = SEM, *P<0.05.
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