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Abstract
Polychlorinated biphenyls (PCBs) are a group of environmental toxicants associated with increased risk of diabetes, obesity, and 
metabolic syndrome. These metabolic disorders are characterized by systemic and local inflammation within adipose tissue, the 
primary site of PCB accumulation. These inflammatory changes arise when resident adipose tissue macrophages undergo phenotypic 
plasticity—switching from an antiinflammatory to an inflammatory phenotype. Thus, we sought to assess whether PCB exposure 
drives macrophage phenotypic switching. We investigated how human monocyte-derived macrophages polarized toward an M1, M2a, 
or M2c phenotype were impacted by exposure to Aroclor 1254, a PCB mixture found at high levels in school air. We showed that PCB 
exposure not only exacerbates the inflammatory phenotype of M1 macrophages but also shifts both M2a and M2c cells toward a more 
inflammatory phototype in both a dose- and time-dependent manner. Additionally, we show that PCB exposure leads to significant 
metabolic changes. M2 macrophages exposed to PCBs exhibit increased reliance on aerobic glycolysis and reduced capacity for fatty 
acid and amino acid oxidation—both indicators of an inflammatory macrophage phenotype. Collectively, these results demonstrate 
that PCBs promote immunometabolic macrophage plasticity toward a more M1-like phenotype, thereby suggesting that PCBs 
exacerbate metabolic diseases by altering the inflammatory environment in adipose tissue.
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Significance Statement

Human exposure to the persistent organic pollutant, polychlorinated biphenyls (PCBs), has been linked to an increased risk of meta
bolic diseases such as diabetes and obesity. A key feature of these diseases is chronic inflammation, which often starts in adipose tis
sue when resident macrophages shift from an antiinflammatory to a proinflammatory state. Our study demonstrates that PCBs 
induce this shift by transforming antiinflammatory macrophages into a more inflammatory phenotype. Additionally, we found 
that this phenotypic change is associated with altered cellular metabolism, as PCB-exposed macrophages exhibit increased reliance 
on glycolysis and glucose metabolism. These findings suggest that PCBs contribute to the pathogenesis of metabolic disease by alter
ing the immunometabolic state of adipose tissue.
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Introduction
Polychlorinated biphenyls (PCBs) are a group of environmental 

toxicants that were produced in large quantities before manufac

turing was banned in 1979. There are 209 distinct PCB congeners; 

however, they were not produced in their single congener state 

but rather as mixtures of 50–80 congeners. These mixtures, sold 

under the tradename “Aroclor,” were and continue to be the pri

mary source of PCB exposure (1). Despite production being banned 

for 50 years, Aroclors produced before 1979 are still found at high 

levels in the environment and in building materials such as ca

pacitors, transformers, caulk, paint, and more making PCBs ubi

quitous in public spaces (2–5). Exacerbating the problem is the 
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fact that the PCB congeners found in Aroclors, particularly lower 

chlorinated congeners, are volatile, making inhalation a major 

route of toxicant exposure (1, 6–8). Consequently, significant 

amounts of PCBs, particularly signatures of Aroclor 1254, can still 

be measured in school air today (7–11). Research by our colleagues 

in the Iowa Superfund Research Program (ISRP) has shown that in

door school air can have up to 100 ×  higher concentrations of PCBs 

than air measured outdoors near Superfund sites, and children 

and teachers attending these schools have higher serum levels 

of PCBs compared with those in noncontaminated schools (8, 9). 

Thus, there is a significant need to understand how exposure to 

Aroclor 1254 affects human health and development.
Human exposure to PCBs has been linked to an increased risk of 

heart disease, cancer, and the development of metabolic syn
drome that includes obesity, hyperlipidemia, and type II diabetes 
(12–15). However, the mechanisms by which PCBs cause these dis
eases are not well understood. Metabolic syndrome is character
ized by insulin resistance, dyslipidemia, increased adiposity, as 
well as systemic and local inflammation (16). Adipose tissue, 
which helps regulate metabolism and insulin sensitivity, is cen
tral to the development of metabolic syndrome (17). Adipose tis
sue is also of particular importance for understanding the 
impact of PCBs on human health because PCBs are lipophilic 
and accumulate in lipid-rich adipocytes, the primary cells in adi
pose tissue (18–20). Therefore, most research to date has focused 
on understanding how PCBs impact adipocytes and their precur
sors, adipose mesenchymal stem cells. This research has shown 
that PCBs interfere with adipocyte differentiation, alter adipokine 
secretion, and activate inflammatory gene pathways (21–23). 
However, since adipose tissue consists of more than just adipo
cyte lineage cells, this work has only partially addressed how 
PCBs could be contributing to metabolic syndrome. Although 
PCBs have direct effects on adipocytes and adipocyte precursors, 
they could also exert indirect effects on adipose health by impact
ing tissue-resident immune cells to cause or propagate adipose 
tissue inflammation (24).

Adipose tissue inflammation is initiated by resident macro
phages. While macrophages are often discussed in terms of in
flammatory (M1) vs. antiinflammatory (M2) phenotypes, a strict 
M1/M2 dichotomy does not exist in vivo. Instead, macrophages 
slide along the spectrum toward a more inflammatory or antiin
flammatory phenotype depending on external stimuli. In healthy 
adipose, macrophages work in harmony with adipocytes to regu
late metabolism and insulin sensitivity by adopting an antiinflam
matory, M2-like phenotype (25). These M2 macrophages can be 
further subdivided into M2a, M2b, and M2c, which each play a dis
tinct role in maintaining adipose homeostasis (26–28). However, 
macrophages have an incredible capacity to alter their phenotype 
in response to their surrounding environment. Thus, in response 
to obesogenic stimuli, the resident antiinflammatory macro
phages can be reprogrammed toward an inflammatory, M1-like 
state in a process known as macrophage plasticity. These inflam
matory macrophages further promote adipocyte dysfunction by 
altering adipokine signaling, increasing insulin resistance, and 
driving adipocyte hypertrophy (29). Furthermore, these macro
phages release inflammatory cytokines and chemokines that pro
mote additional phenotype switching and recruit monocytes to 
adipose tissue where they differentiate into new macrophages 
(30). What starts as a small switch in macrophage phenotype 
can lead to a self-propagating cycle of adipose tissue inflamma
tion that stimulates systemic inflammation and exacerbates 
metabolic disease (31, 32).

Despite the essential role macrophages play in adipose tissue 
health and disease, little is known about how PCBs impact macro
phages. Most animal studies have focused on how PCB exposure 
impacts systemic inflammatory markers. For example, Zhang 
et al. (33) showed that Aroclor 1254 increased the level of systemic 
inflammatory cytokines, interleukin 6 (IL-6) and tumor necrosis 
factor (TNF), and Petriello et al. (34) showed that mice exposed to 
PCB 126 had increased circulating monocytes, macrophages, and 
neutrophils. Others have shown that this systemic inflammation 
is accompanied by signs of adipose tissue inflammation including 
increased mRNA expression of inflammatory cytokines, TNF, IL6, 
MCP1, and IL8 (35–38). Furthermore, a couple of research groups 
have shown the amount of toxicant accumulation in adipose dir
ectly correlates to the number of macrophages in the tissue (38, 
39). However, despite these indications that the immunological 
state of adipose tissue is impacted by PCB exposure, how PCBs dir
ectly impact macrophages is not well understood. What we know 
to date comes from studies that have utilized macrophage cell 
lines and individual PCB congeners. Using the THP-1 macrophage 
cell line, for example, Wang et al. (40) and May et al. (41) showed 
that naïve macrophages exposed to PCB 126 or PCB 118 become in
flammatory. In contrast, Santoro et al. (42) showed that naïve 
J77A.1 macrophages exposed to PCB 101, 153, or 180 exhibited re
duced ability to respond to inflammatory stimuli. The use of 
THP-1 and J77A.1 cells complicates our ability to translate these 
findings to human disease since macrophage cell lines often re
spond differently to stimuli compared with primary human cells 
(43, 44). Furthermore, humans are rarely exposed to individual 
PCB congeners but are routinely exposed to complex mixtures of 
PCBs, since PCBs were originally manufactured as mixtures such 
as Aroclor 1254. Therefore, human samples such as adipose tissue 
contain not just one congener but a vast array of congeners (7, 45, 
46). Consequently, there is a need to understand how exposure to 
PCB mixtures impacts human macrophages.

In this study, we sought to understand how exposure to envir
onmentally relevant PCBs impacts the phenotypic profile of pri
mary human monocyte-derived macrophages. Since humans are 
predominantly exposed to PCB mixtures, not single congeners, 
we chose to assess the impact of Aroclor 1254, a PCB mixture com
monly found at high levels in school buildings built before 1980 
(10). Because macrophages found in adipose tissue are incredibly 
diverse, we assessed the impact of Aroclor 1254 on three distinct 
states of in vitro polarized human macrophages: an M1 phenotype, 
an M2a phenotype, and an M2c phenotype. Each macrophage sub
set was exposed to PCBs after polarization to mimic the exposure 
that resident macrophages would receive during PCB accumula
tion in adipose tissue. To phenotype the macrophages, we as
sessed surface marker expression and cytokine release. We then 
investigated whether there is a dose- and time-dependent re
sponse to PCBs. Finally, since metabolic shifts are associated 
with phenotypic shifts in macrophages, we assessed whether 
PCB exposure results in altered macrophage cellular metabolism. 
The results of this work fill an important gap in knowledge about 
how PCB exposure contributes to immunometabolic dysfunction.

Results
PCBs enhance the inflammatory phenotype of M1 
macrophages
Building on previous work showing that single-congener PCBs will 
polarize naïve macrophage cell lines toward an inflammatory 
phenotype (40–42), we first assessed how PCB exposure impacts 
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inflammatory macrophages. To test our hypothesis that PCB ex
posure would increase the inflammatory phenotype of M1 macro
phages, we exposed human monocyte-derived M1 macrophages 
to Aroclor 1254 for 48 h before assessing macrophage phenotype 
using surface marker expression and cytokine release (Fig. 1A). 
As a control, M1 macrophages were exposed to the vehicle, di
methyl sulfoxide (DMSO) (0.5 μL/mL), for 48 h.

M1 macrophages exposed to PCBs had minor shifts in surface 
marker expression compared with those only exposed to the 

vehicle control (VC). There was a small statistically significant 
downward shift in the CD14/CD16 expression upon PCB exposure 
(Figs. 1B–D and S1). However, PCBs did not induce statistically sig
nificant changes in CD86, an inflammatory marker (Fig. 1E), and 
only had minor decreases in CD163 and CD206, two antiinflam
matory markers, that did not reach statistical significance 
(Fig. 1F and G). Even though the surface marker changes were sub
tle, we went on to assess functional phenotype by analyzing 
changes in cytokine production. Strikingly, M1 macrophages 
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Fig. 1. PCB exposure results in increased inflammatory cytokine production, but minimal changes in surface marker expression. A) Timeline of 
macrophage differentiation, M1 polarization, and PCB (Aroclor 1254, 10 μM) or VC (DMSO, 0.5 μL/mL) exposure. B) Representative plot of CD14 vs. CD16 
surface marker expression of vehicle-exposed (VC) and PCB-exposed (PCB) macrophages. The MFI was quantified for C) CD14, D) CD16, E) CD86, F) CD163, 
and G) CD206. The concentration of H) IL-8, I) TNF, J) CCL17, and K) IL-10 in culture media was measured via ELISA (IL-8, IL-10) or via a LEGENDplex 
bead-based multiplex assay (TNF, CCL17) (mean, n = 7 human donors/independent experiments; *P < 0.05 calculated after paired ratio t test).
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exposed to PCBs secreted significantly more of inflammatory cyto
kines, IL-8 and TNF (Figs. 1H and I and S2). PCBs also increased the 
secretion of chemokine (C-C-motif) ligand 17 (CCL17) (Figs. 1J and 
S3), a chemokine implicated in obesity-associated inflammation 
and T cell recruitment (47–49). Corresponding to the increase in 
inflammatory cytokines, PCBs also decreased the amount of anti
inflammatory IL-10 secreted by the macrophages (Fig. 1K). These 
results indicate that Aroclor 1254 exposure enhances the inflam
matory phenotype of M1 macrophages.

M2 macrophages exposed to PCBs have reduced 
antiinflammatory surface marker expression
During the development of adipose tissue inflammation, the resi
dent antiinflammatory, M2 macrophages will shift toward a more 
inflammatory, M1-like phenotype (50). Since M2-to-M1 switching 
is a hallmark of metabolic disease, we wanted to assess whether 
PCB exposure induces phenotypic plasticity of antiinflammatory, 
M2 macrophages. We hypothesized that PCB-exposed M2 macro
phages would shift toward a more inflammatory phenotype. To 
reflect the diversity of M2 subcategories found in vivo, we assessed 
the effect of PCB exposure on two distinct antiinflammatory 
macrophage phenotypes, namely M2a and M2c. To do this, we po
larized five distinct donors of human monocyte-derived macro
phages to an M2a or M2c state using IL-4 or dexamethasone, 
respectively. We then exposed them to Aroclor 1254 for 48 h be
fore assessing surface marker phenotype (Figs. 2A and S4).

In contrast to the minimal effect PCBs had on M1 surface marker 
expression, surface markers on both M2a and M2c macrophages 
were significantly altered by PCB exposure. PCB-exposed M2a mac
rophages had decreased expression of both CD14 and CD16 (Fig. 2B). 
Furthermore, despite having little impact on the expression of in
flammatory CD86, PCB exposure resulted in stark decreases in the 
expression of the antiinflammatory surface markers, CD163 and 
CD206 (Fig. 2C). Thus, M2a macrophages respond to PCB exposure 
by down-regulating the expression of antiinflammatory surface 
markers CD163 and CD206 while simultaneously maintaining the 
expression of inflammatory CD86 (Fig. 2D).

M2c macrophages had an even larger shift in surface marker 
expression in response to PCB exposure. Both CD14 and CD16 
were significantly decreased (Fig. 2E). Although PCB-exposed 
M2c macrophages had slightly lower expression of inflammatory 
CD86, they had substantial 4-fold and 2-fold decreases in antiin
flammatory CD163 and CD206 expression, respectively (Fig. 2F). 
When examined together, the decrease in CD163 and CD206 far 
outweighs any minor changes in CD86 again, suggesting that M2c 
macrophages respond to PCB exposure by preferentially down- 
regulating antiinflammatory surface marker expression (Fig. 2G). 
Notably, PCB-exposed macrophages do not have increased cell 
death compared with vehicle-exposed, suggesting that this is a 
noncytotoxic alteration in surface marker expression (Fig. S5). 
Overall, PCB exposure dampens the ability of both M2a and M2c 
macrophages to express antiinflammatory surface markers.

M2 macrophages have a dose- and 
time-dependent cytokine response to PCBs
To further assess how PCBs impact macrophage phenotype, we 
next asked whether PCB exposure impacts M2a or M2c cytokine 
production. To do this, we repeated the previous experiment by 
exposing M2a and M2c macrophages to Aroclor 1254 for 48 h. 
Then, we collected the media and assessed the release of IL-8 
and IL-10 via enzyme-linked immunosorbent assay (ELISA). Our 
results show that both M2a and M2c macrophages had staggering 

increases in the amount of IL-8 produced—about a 400 ×  and 
1,000 ×  increase, respectively (Figs. 3A and S5). Additionally, 
both M2a and M2c macrophages had significantly decreased 
IL-10 secretion upon exposure to PCBs (Fig. 3B). Combining these 
data, we see that PCB exposure results in a 5 ×  increase in the ratio 
of IL-8/IL-10 in M2a macrophages and an extraordinary 60 ×  in
crease for M2c macrophages (Fig. 3C). Thus, PCB exposure shifts 
M2 cytokine release toward a more inflammatory phenotype.

Having discovered that macrophages exposed to PCBs have a 
more inflammatory cytokine profile, we next wanted to know 
whether this response is dose-dependent. We exposed M2a and 
M2c macrophages to a nominal Aroclor 1254 concentration of 0, 
0.1, 1, 5, 10, 20, 25, or 50 μM and then assessed secretion of IL-8 
and IL-10. Upon Pearson’s correlation testing, PCB concentration 
was strongly correlated with IL-8 secretion for both M2a (r =  
0.95, P < 0.01) and M2c (r = 0.98, P < 0.01) macrophages (Fig. 4A). 
IL-10 production, on the contrary, had a strong negative correl
ation with PCB concentration for both M2a (r = −0.95, P < 0.01) 
and M2c (r = −0.91, P < 0.01) macrophages (Fig. 4B). Since PCBs ac
cumulate in adipose tissue, adipose tissue macrophages are ex
posed to increasing concentrations of PCBs over a lifetime. 
Therefore, resident M2 macrophages will likely become increas
ingly inflammatory in response to increasing PCB concentrations.

To further simulate how PCB accumulation in adipose tissue im
pact macrophages, we next wanted to ask whether the magnitude 
of macrophage plasticity is dependent on the length of PCB exposure. 
Therefore, we next assessed how exposure to PCBs over 8 days, in
stead of 2 days, impacts macrophage cytokine release. We exposed 
M2a or M2c macrophages to Aroclor 1254 (10 μM) over 8 days, with 
media changes every 2 days. Then, we assessed the cumulative secre
tion of IL-8 and IL-10. Although the vehicle-exposed M2a and M2c 
macrophages reached a plateau of IL-8 secretion around day 4, the 
PCB-exposed macrophages continue to increase IL-8 secretion for all 
8 days (Fig. 4C). However, the opposite occurred for IL-10. Instead, 
the vehicle-exposed M2a and M2c macrophages continued to secrete 
IL-10 for all 8 days; however, PCB-exposed macrophages stopped pro
ducing any new IL-10 by day 4 (Fig. 4D). These results show that more 
chronic PCB exposure, as is found in vivo, further accentuates the 
switch from an antiinflammatory to inflammatory phenotype.

M2a and M2c macrophages experience different 
metabolic shifts in response to PCB exposure
During polarization and plasticity, macrophages must undergo 
massive metabolic changes. To shift from an antiinflammatory, 
M2-like state toward a more inflammatory, M1-like state, macro
phages alter their metabolism to be more greatly dependent on 
aerobic glycolysis and less dependent on amino acid and fatty 
acid oxidation (51–53). This increased dependence on glucose as 
a substrate allows M1 macrophages to increase flux through the 
pentose phosphate pathway to produce NADPH, a necessary com
ponent for scavenging reactive oxygen species (54, 55). Since our 
data suggest that PCBs push macrophages toward a more func
tionally inflammatory state, we wanted to assess whether this 
plasticity is accompanied by alterations in cellular metabolism.

To assess the metabolic consequences of PCB exposure, we ex
posed macrophages to Aroclor 1254 (10 μM) for 48 h and then used 
the recently developed SCENITH (Single Cell ENergetic metabol
ism by profiling Translation inHibition) assay to assess changes 
in cellular metabolism (56). The SCENITH assay provides similar 
insight to a Seahorse assay by using a series of metabolic inhibi
tors followed by quantification of protein synthesis using flow cy
tometry. Cells are exposed to metabolic inhibitors followed by 
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incubation with puromycin, which incorporates into newly syn
thesized proteins. By fixing and staining for puromycin incorpor
ation, we can determine how much protein synthesis depends 
on aerobic glycolysis vs. oxidative phosphorylation.

After PCB exposure, the macrophages were incubated with ei
ther 2-deoxy-D-glucose (2-DG) to block glucose metabolism or oli
gomycin to inhibit oxidative phosphorylation. Additionally, 
macrophages treated with media alone or with the protein trans
lation inhibitor, harringtonine, were analyzed as controls for max
imum and minimum protein synthesis, respectively.

Overall, both M2a and M2c macrophages exhibited metabolic 
shifts associated with PCB exposure. Compared with VC-treated, 
PCB-exposed M2a macrophages had decreased puromycin 

incorporation when glucose metabolism was blocked using 2-DG 
and increased puromycin incorporation when oxidative phosphoryl
ation was blocked using oligomycin (Fig. 5A). PCB-exposed M2c mac
rophages, on the contrary, had decreased puromycin incorporation 
with both 2-DG and oligomycin compared with VC-treated cells 
(Fig. 5B). Importantly, neither PCB exposure nor exposure to meta
bolic inhibitors increased macrophage cell death (Fig. S5).

To further quantify the metabolic shifts, we used the median 
fluorescent intensity (MFI) of puromycin incorporation to calcu
late the four SCENITH outputs, namely glucose dependence, 
mitochondrial dependence, fatty acid oxidation/amino acid oxi
dation (FAO/AAO) capacity, and glycolytic capacity (Fig. 5C and 
Tables S1 and S2). Glucose dependence and mitochondrial 

A
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Fig. 2. PCB-exposed M2 macrophages have decreased antiinflammatory surface marker expression. A) Timeline of macrophage differentiation, M2a/M2c 
polarization, and PCB exposure (Aroclor 1254, 10 μM). M2a macrophages were exposed to PCBs or the vehicle (VC), DMSO, and then, surface marker 
expression for B) CD14 and CD16 and C) CD86, CD163, and CD206 was quantified using MFI. D) Representative plots of CD86 vs. CD163 and CD86 vs. CD206 
after M2a macrophages were exposed to the vehicle (VC) or PCB (PCB). M2c macrophages were exposed to PCBs or the vehicle, DMSO (VC), and then, 
surface marker expression for E) CD14 and CD16 and F) CD86, CD163, and CD206 was quantified using MFI. G) Representative plots of CD86 vs. CD163 and 
CD86 vs. CD206 after M2c macrophages were exposed to the vehicle (VC) or PCB (PCB) (mean, n = 5 human donors/independent experiments; *P < 0.05 
calculated after paired ratio t test).
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dependence reflect the proportion of protein synthesis that was 
depleted upon incubation with 2-DG or oligomycin, respectively. 
But FAO/AAO capacity and glycolytic capacity reflect the ability 
of the cells to sustain protein synthesis using compensatory meta
bolic pathways when glucose metabolism or oxidative phosphor
ylation is blocked with 2-DG or oligomycin, respectively.

PCB-exposed M2a macrophages had increased glucose depend
ence and decreased FAO/AAO capacity compared with VC-treated 
cells (Fig. 5D). However, they did not have any change in mito
chondrial dependence or glycolytic capacity (Fig. 5D). On the con
trary, M2c macrophages exposed to PCBs had increased glucose 
dependence and mitochondrial dependence with corresponding 
decreases in FAO/AAO capacity and glycolytic capacity (Fig. 5E). 
Taken together, PCB exposure pushes both M2 macrophage sub
sets to become more dependent on aerobic glycolysis consistent 
with a shift toward a more inflammatory phenotype.

Discussion
Macrophage plasticity plays a crucial role in the development of 
dysfunctional adipose tissue. Healthy adipose tissue contains a 

macrophage niche rich in antiinflammatory macrophages. 
However, during the pathogenesis of diseased adipose tissue, resi
dent macrophages are exposed to a microenvironment rich in glu
cose, lipids, and proinflammatory cytokines, all of which drive the 
macrophages to shift toward a more inflammatory phenotype (29, 
57, 58). Since macrophages are so greatly influenced by the adi
pose microenvironment, it is imperative to understand whether 
toxicants that accumulate in adipose tissue, such as PCBs, alter 
macrophage phenotype.

Herein, we investigated whether exposure to the PCB mixture, 
Aroclor 1254, induces macrophage plasticity. Although Aroclor 
1254 has not been manufactured for nearly 50 years, signatures 
of this mixture continue to be measured at high levels in water, 
air, food, schools, and buildings (8, 10, 11, 59–61). Due to the per
vasiveness of PCB mixtures, such as Aroclor 1254, human serum, 
urine, and adipose samples rarely contain just one PCB congener. 
Rather, they contain a concoction of the many congeners found in 
commercially produced PCB mixtures (7, 45, 46). One of the main 
limitations of the previous research was that it did not reflect the 
complexity of human PCB exposure and was instead done using 
single-congener PCB exposures (40–42). To build on previous 
single-congener research, we sought to recapitulate exposure to 
an environmentally relevant mixture, Aroclor 1254. We first asked 
how exposure to the PCB mixture Aroclor 1254 impacts inflamma
tory macrophages. We showed that Aroclor 1254-exposed M1 
macrophages had decreased expression of general macrophage 
markers, CD14 and CD16, as well as decreased expression of anti
inflammatory surface markers, CD163 and CD206, although not 
statistically significant. More interestingly, these PCB-exposed 
M1 macrophages had heightened secretion of inflammatory cyto
kines IL-8, TNF, and CCL17 along with decreased secretion of anti
inflammatory IL-10 (Fig. 1). These PCB-induced changes in the 
secretory profile resemble those observed in inflamed adipose tis
sue, with increased production of IL-8, TNF, and CCL17 all being 
implicated with adipose dysfunction (47, 49, 62–64). Our results 
also corroborate those of Wang et al. (40) and May et al. (41) who 
showed that exposure to PCB 126 or 118 heightens the inflamma
tory response to LPS stimulation. However, they are counter to 
those of Santoro et al. (42) who showed that exposure to PCB 
101, 153, or 180 inhibits the inflammatory response. The similar
ities and discrepancies between our works can be explained by 
the chemical makeup of the congeners used. PCB congeners can 
be classified as either dioxin-like or nondioxin-like. Dioxin-like 
PCBs, such as PCB 118 and 126, are chemically similar to the highly 
toxic dioxin, 2,3,7,8-tetrachlorodibenzo-p-dioxin (TCDD). They 
exert their effects, in part, through activation of the aryl hydrocar
bon receptor, whereas nondioxin-like congeners, such as PCB 101, 
153, and 180, do not (65, 66). Aroclor 1254 contains an abundance 
of dioxin-like congeners. This is evidenced by its high dioxin toxic 
equivalency, which is 21, a value that provides insight into how 
similar a mixture is to TCDD (67). Therefore, despite also contain
ing nondioxin-like congeners, the cumulative action of the PCBs in 
Aroclor 1254 mixture results in inflammation similar to that of 
dioxin-like congeners used by Wang et al. and May et al.

Another contribution of our work was the use of primary hu
man macrophages polarized to both M1 and M2 phenotypes. 
Previous work only investigated how single-congener PCB expos
ure impacts naïve or M1 macrophages. However, the more inter
esting question in our opinion is whether PCB exposure impacts 
the antiinflammatory, M2 macrophages predominantly found in 
healthy adipose tissue. Since one of the hallmarks of diseased adi
pose tissue is the phenotypic switching of antiinflammatory, M2 
macrophages toward a more M1-like phenotype, we assessed 

A

B

C

Fig. 3. PCB exposure shifts M2 macrophages toward inflamed cytokine 
production. M2a and M2c macrophages were exposed to a 10-μM 
concentration of Aroclor 1254. A) Concentration of IL-8 in culture media 
measured by ELISA for M2a (left) and M2c (right) macrophages. B) 
Concentration of IL-10 in culture media measured by ELISA for M2a (left) 
and M2c (right) macrophages. C) Ratio of IL-8/IL-10 (mean, n = 5 human 
donors/independent experiments; *P < 0.05 calculated after paired ratio t 
test).
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whether exposure to Aroclor 1254 would induce macrophage plas
ticity. We showed that both M2a and M2c macrophages exposed 
to PCBs after polarization conserved expression of the inflamma
tory marker, CD86, while drastically decreasing the expression of 
antiinflammatory markers, CD163 and CD206 (Fig. 2). In adipose 
tissue, CD163+ macrophages work to limit iron overload due to 
CD163’s role as a hemoglobin–haptoglobin scavenger receptor. 
Due to the role of iron overload in adipose tissue inflammation, 
loss of the CD163+ macrophages results in worsened adipose 
function (68). On the contrary, macrophages positive for CD206, 

the mannose receptor, have been shown to regulate systemic glu
cose by modulating adipocyte growth and differentiation (69). 
Thus, the selective down-regulation of antiinflammatory surface 
markers after PCB exposure results in a more inflammatory 
macrophage niche.

Macrophage biology is complex. There is overwhelming evi
dence to suggest that many macrophages in vivo exist as a mixed 
M1/M2 phenotype rather than on the extremes created by in vitro 
polarization. Adipose tissue alone contains a plethora of mixed 
phenotypes including metabolically activated macrophages, 

A

B

C

D

Fig. 4. M2 macrophages have a dose- and time-dependent cytokine response to PCB exposure. To test dose dependence, M2a and M2c macrophages were 
exposed to the 0 (VC) and 0.1, 1, 5, 10, 20, 25, or 50 μM nominal concentrations of PCBs, and then, the concentration of A) IL-8 or B) IL-10 was measured via 
ELISA. To test time dependence, M2a and M2c macrophages were exposed to 10 μM PCBs or the vehicle, DMSO for 2, 4, 6, or 8 days, and then, the 
concentration of A) IL-8 or B) IL-10 was measured (mean ± SD, n = 3 human donors/independent experiments).
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lipid-associated macrophages, and crown-like structure macro
phages (70). Consequently, in vivo experiments have shown that 
macrophage populations high in antiinflammatory surface 
markers, such as CD163 or CD206, are associated with insulin re
sistance and adipose inflammation (71–73). The ability of macro
phages to undergo phenotypic plasticity is likely responsible for 

these mixed phenotypes. Li et al. provided evidence of this phe
nomenon by showing that M2 macrophages exposed to LPS did 
not completely repolarize to an M1-like state. Rather, these 
M2-to-M1 shifted macrophages maintained a mixed pro- and anti
inflammatory surface marker expression (74). However, these 
macrophages had other functional features providing evidence 

A B

C

D E

Fig. 5. PCB exposure disrupts the cellular metabolism of M2 macrophages. M2a and M2c macrophages were exposed to a 10-μM concentration of Aroclor 
1254, and then, cellular metabolism was measured using the SCENITH assay. A) Representative plots for M2a puromycin incorporation and 
quantification of MFI after exposure to control media (Ctl), DG, oligomycin (O), and harringtonine (H). B) Representative plots for M2c puromycin 
incorporation and quantification of MFI. C) Equations used to calculate glucose dependence, FAO/AAO capacity, mitochondrial dependence, and 
glycolytic capacity. Ctl, DG, O, and H correspond to the antipuromycin MFI after exposure to control media, 2-deoxy-D-glucose, oligomycin, or 
harringtonine, respectively. D) Glucose dependence, FAO/AAO capacity, mitochondrial dependence, and glycolytic capacity for vehicle-exposed (VC) or 
PCB-exposed M2a macrophages. E) Glucose dependence, FAO/AAO capacity, mitochondrial dependence, and glycolytic capacity for vehicle-exposed (VC) 
or PCB-exposed M2c macrophages (mean, n = 5 human donors/independent experiments; *P < 0.05 calculated after paired t test).
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of an inflammatory phenotype. This underscores the importance 
of utilizing both surface marker expression and functional read
outs, such as cytokine release, to understand macrophage pheno
type. Motivated by this prior work, we next assessed how PCB 
exposure impacts macrophage cytokine release. We found that 
PCB-exposed M2a and M2c macrophages had significant increases 
in IL-8 and decreases in IL-10 (Fig. 3). Additionally, we showed that 
IL-8 secretion is directly proportional to the concentration of PCB 
exposure, while IL-10 is inversely proportional (Fig. 4). These data 
further endorse our conclusion that PCB exposure induces pheno
typic plasticity of M2 macrophages toward a more inflammatory 
phenotype.

In recent years, the field of immunometabolism has emerged to 
offer compelling evidence that reprogramming cellular metabol
ism drives macrophage phenotypic plasticity (75). It has been 
long known that inflammatory, M1-like macrophages will have a 
greater dependence on aerobic glycolysis while decreasing their 
dependence on fatty acids and amino acids compared with antiin
flammatory, M2 phenotypes. It was originally thought that the 
metabolic changes are last to arrive. However, immunometabolic 
research has flipped this paradigm. Recent research has shown 
that modulation of metabolic pathways directly influences cyto
kine secretion and expression of inflammatory genes (76, 77). 
Furthermore, it is the up-regulation of glycolytic enzymes such 
as hexokinase and pyruvate kinase M2 (PKM2) that directly drive 
the activation of inflammatory transcription factors and thus 
the production of inflammatory cytokines (78, 79). Therefore, we 
hypothesized that PCB exposure would induce alterations in 
macrophage cellular metabolism. We showed that PCB-exposed 
macrophages are more greatly dependent on glucose metabolism 
while relying less on amino acid and fatty acid metabolism (Fig. 5). 
One might expect that an increase in dependence on glucose me
tabolism would come with a corresponding decrease in mitochon
drial metabolism. However, our data show that this is not the 
case. M2c macrophages actually have increased dependence on 
both glucose and mitochondrial metabolism with PCB exposure. 
One possible explanation is that as PCBs shift M2c macrophages 
toward a more inflammatory phenotype, they cause the cells to 
be so greatly dependent on aerobic glycolysis and glucose as a sub
strate that they are pushed to maximum capacity. Consequently, 
when mitochondrial metabolism is blocked through oligomycin, 
there is no way for the cells to increase glycolysis to compensate 
for the lack of oxidative phosphorylation. Another possible ex
planation is proposed by the work of Lachmandas et al. They 
showed that all inflammatory stimuli will increase macrophage 
glycolysis; however, only those that activate TLR4 will decrease 
mitochondrial metabolism (80). Furthermore, there is evidence 
to suggest that proinflammatory adipose tissue macrophages dis
play both increased glycolysis and oxidative phosphorylation (77).

PCB exposure has previously been shown to alter cellular me
tabolism in other cell types. Previous studies have shown that 
PCB exposure increases glycolysis (81, 82). One such paper by 
Zhang et al. showed that glycolysis was markedly increased 
with PCB exposure in HeLa cells. Furthermore, their data argue 
that PCB 126, 118, and 153, three congeners found in Aroclor 
1254, greatly increase the expression and nuclear distribution of 
PKM2 (83). This increase in PKM2 has also been shown with hepa
tocellular carcinoma SMMC-7721 cells exposed to PCB 118 (84). 
PKM2 directly drives the activation of inflammatory transcription 
factors in macrophages. Therefore, it is possible that PCB expos
ure drives the up-regulation of glycolysis and PKM2 resulting in 
a shift toward an inflammatory phenotype. However, future 
work would need to be done to assess this hypothesis.

In summary, our research demonstrates that Aroclor 1254, a 
PCB mixture present at elevated levels in school air, significantly 
influences the immunometabolic plasticity of human monocyte- 
derived macrophages. PCB-exposed M2a and M2c macrophages 
have reduced antiinflammatory surface marker expression 
coupled with both a time- and dose-dependent increase in inflam
matory cytokine release. Additionally, these PCB-exposed macro
phages undergo extensive metabolic reprogramming, marked by 
an increased reliance on aerobic glycolysis. Collectively, these 
findings suggest that PCB-exposed macrophages transition to
ward a more M1-like state, providing a new mechanism by which 
PCBs contribute to metabolic disease by promoting adipose tissue 
inflammation.

Materials and methods
Materials
Sources of PCBs
Aroclor 1254 (lot number KC 12-638) in the original containers 
from Monsanto (St. Louis, MO, USA) was provided by the 
Synthesis Core of the ISRP.

Cell culture media
Unless otherwise specified, all cells were cultured in RPMI 1640 
(Gibco, cat#: 11875093) supplemented with 1% (v/v) penicillin/ 
streptomycin (Thermo Fisher, cat#: 15140122), 1% (v/v) 
L-glutamine (Thermo Fisher, cat#: 25030081), and 10% (v/v) fetal 
bovine serum (FBS) (VWR, cat#: 97068-085). For PCB exposure, 
low-serum RPMI 1640 supplemented with 0.5% (v/v) FBS was used.

Isolation of human PBMCs
Human peripheral blood mononuclear cells (PBMCs) were isolated 
from leukocyte reduction cones (LRC) procured through the 
DeGowin Blood Center at the University of Iowa. After receiving 
the LRC, the blood was drained and mixed with base RPMI. 
Then, the cell suspension was added to a LeucoSep conical tube 
containing Ficoll-Paque (Cytiva, cat#: 17544202) before being cen
trifuged for 30 min at 600 g without break. After separation, the 
buffy coat was collected and washed twice with 2% FBS in PBS 
−/−. After washing, red blood cells were lysed using 1 ×  RBC lysis 
buffer (Cytek, cat#: TNB-4300-L100). The cells were then washed 
with complete RPMI and counted. Isolated PBMCs were then 
used for monocyte isolation. A total of 10 unique human donors 
were isolated and used for this research. The number of donors 
used for each experiment is noted in the figure caption.

Isolation of monocytes
After PBMC isolation, the monocytes were isolated using the 
MojoSort Human Pan Monocyte Isolation kit (BioLegend, cat#: 
480060), a magnetic bead-based negative selection kit. The 
PBMCs were first washed with 1 ×  MojoSort Buffer (1 ×  PBS, 0.5% 
(w/v) BSA, and 2 mM EDTA) and filtered through a 40-μM cell 
strainer. Then, the cells were resuspended in 1 ×  MojoSort 
Buffer to 1 × 108 PBMCs/mL. Fc receptors were blocked by incubat
ing the cells with Human TruStain Fcx (5 μL/100 μL cell suspen
sion) at room temperature for 10 min. Next, the negative 
selection Biotin-Antibody cocktail (10 μL/100 μL cell suspension) 
was added, and the cells were incubated on ice for 15 min. 
Finally, the magnetic streptavidin nanobeads were added (10 μL/ 
100 μL cell suspension), and the cells were incubated on ice for 
15 min. The cells were then washed and resuspended again in 
MojoSort Buffer. To isolate the monocytes, the samples were 
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placed in the MojoSort magnet (BioLegend, cat#: 480019) for 5 min. 
After 5 min, the supernatant, containing the monocytes, was col
lected, and the beads remaining on the walls of the tubes were re
suspended in MojoSort Buffer. The magnetic separation was 
repeated once more to improve monocyte yield. Isolated mono
cytes were cryopreserved at 1 × 107 cells/mL in freezing media 
consisting of 50% complete RPMI, 10% DMSO, and 40% FBS. At 
the time of culturing, cryopreserved monocytes were thawed at 
37 °C and resuspended in culture media.

Macrophage differentiation, polarization, and 
characterization
Monocyte-to-macrophage differentiation
All experiments were done using human monocyte-derived mac
rophages. To differentiate the monocytes into macrophages, the 
monocytes were thawed and resuspended to 1 × 106 cells/mL in 
media supplemented with macrophage colony stimulating factor 
(M-CSF) (10 ng/mL) (BioLegend, cat#: 574806). Depending on the 
experiment, the monocytes were plated in a 48- or 24-well plate 
at a cell seeding density of ∼4 × 105 cells/cm2 in a volume of 750 
or 434 μL/well, respectively. The cells were then differentiated to 
macrophages over 6 days of culturing with a media change at 
day 3. At day 6, the cells were considered naïve, M0 macrophages.

Macrophage polarization
Depending on the experiment, macrophages were polarized to
ward one of three phenotypes, M1, M2a, or M2c. To polarize to
ward an M1 phenotype, the macrophages were cultured in 
media supplemented with 50 ng/mL of IFN-γ (PeproTech, cat#: 
300-02) and 25 ng/mL of LPS from Escherichia coli O55:B5 
(Sigma-Aldrich, cat#: L6529). To polarize macrophages toward 
an M2a phenotype, they were cultured in media supplemented 
with 20 ng/mL IL-4 (PeproTech, cat#: 200-04) for 48 h. To polarize 
macrophages toward an M2c phenotype, they were cultured 
in media supplemented with 100 nM dexamethasone (Sigma- 
Aldrich, cat#: D4902) for 48 h. To confirm macrophage polariza
tion was successful, surface marker expression of CD14, CD16, 
CD86, CD163, and CD206 for M0, M1, M2a, and M2c VC-exposed 
macrophage was compiled (Fig. S7) and found to be consistent 
with previous reports (85).

PCB exposure
At the time of PCB exposure, the macrophage polarization media 
were removed, and the cells were washed with 1 ×  PBS−/− to re
move residual media. All PCB exposure was done using a low- 
serum media RPMI 1640. Unless otherwise specified, the media 
were then supplemented with Aroclor 1254 at a nominal concen
tration of 10 μM, or the vehicle, DMSO. After 48 h of PCB exposure, 
the cells and/or media were collected for further analysis.

Surface marker expression
Macrophage surface markers were analyzed using flow cytome
try. Briefly, the macrophages were lifted using 5 mM EDTA in 
PBS on ice to prevent cleavage of surface markers of interest 
(86). Once collected, the macrophages were stained for viability 
using Zombie B550 Fixable Viability Kit (BioLegend, cat#: 
423122). Then, nonspecific binding was blocked using True-Stain 
Monocyte Blocker (BioLegend, cat#: 426103) and Human 
TruStain FcX (BioLegend, cat#: 422302). Then, the cells were 
stained with the following antihuman antibodies: CD14-Alexa 
Fluor 488 (BioLegend, cat#: 325610), CD16-PE-Fire 640 
(BioLegend, cat#: 302068), CD86-PerCP-Cy5.5 (BioLegend, cat#: 

374216), CD163-PE-Cy7 (BioLegend, cat#: 333614), and 
CD206-PE-Dazzle (BioLegend, cat#: 321130). After staining, the 
cells were washed and resuspended in Cell Staining Buffer 
(BioLegend, cat#: 420201).

The flow cytometry data were collected using a Cytek Northern 
Lights spectral cytometer equipped with a 488-nm laser and 14 
fluorescent emission filters. Before the collection of experimental 
data, instrument and gate settings were prepared using unstained 
cells as a negative control or single-color stained macrophages 
with known surface marker expression (M1 for CD86, M2a for 
CD206, and M2c for CD163) as a positive control. The experimental 
data were assessed using FlowJo (BD Sciences). Cells were gated 
based on singlet discrimination (SSC-A/SSC-H and FSC-A/FSC-H) 
and viability (negative Zombie B550 stain). Then, surface marker 
expression was quantified using the MFI (Fig. S8). A total of 5–7 ex
periments were done with monocyte-derived macrophages from 
separate human donors. For each donor, each experimental con
dition was performed in triplicate, and the mean of the triplicate 
was then used as a single data point to represent the average for 
that donor in Figs. 1 and 2 (Figs. S1 and S3).

Cytokine release and metabolic profiling
Enzyme-linked immunosorbent assay
The concentration of IL-8 and IL-10 was analyzed using ELISAs 
(IL-8: BioLegend, cat#: 431504 and IL-10: BioLegend, cat#: 
430604). To perform the assay, media were collected at the end 
of each experiment and stored at −20 °C until analysis. For ana
lysis, the protocol was followed as described by BioLegend. 
Absorbance was read at 450 nm on a plate reader. Nonspecific 
background was subtracted from each well by reading the plate 
at 570 nm. A standard curve of known IL-8 or IL-10 concentrations 
was used as a positive control, and ELISA diluent alone was used 
as a negative control. A total of 5–7 experiments were done with 
monocyte-derived macrophages from separate human donors. 
For each donor, each experimental condition was performed in 
triplicate wells, and the mean of the triplicate was used as a single 
data point representing the average for that donor in Figs. 1 and 2
(Fig. S6).

LEGENDplex panel
The concentration of TNF and CCL17 was analyzed using a 
LEGENDplex Human Macrophage/Microglia Panel (BioLegend, 
cat#: 740502). To perform the assay, media were collected at the 
end of each experiment and stored at −20 °C until analysis. 
Since triplicate data from plate-based ELISAs had been highly con
sistent, we used physical averaging to reduce the cost of the multi
plex panel. To physically average triplicate wells for each donor, 
equal parts media from each well were mixed prior to performing 
the LEGENDplex assay. Then, the protocol was followed as de
scribed by BioLegend. A standard curve of known concentrations 
was used as a positive control, and assay diluent alone was used 
as the negative control. Around 500 capture beads per target ana
lyte were analyzed for each sample via flow cytometry before the 
data were processed using Qognit Data Analysis Software Suite for 
LEGENDplex (BioLegend) (Fig. S3). In addition to TNF and CCL17, 
the panel measured IL-12p70, IL-6, IL-4, IL-1β, arginase, IL-1RA, 
IL-10, IL-12p40, IL-23, IFN-γ, and IP-10 (Fig. S2).

SCENITH
The SCENITH protocol was performed as previously described (56, 
87). This assay measures cellular energy metabolism by exposing 
cells to an array of metabolic inhibitors and then measuring 
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protein synthesis using puromycin incorporation. For a given ex
perimental replicate, a total of four wells were used, one for 
each inhibitor/control. At the time of data collection, the media 
were removed and macrophages were washed once with cold 
PBS. Then, 2-DG (100 mM), oligomycin (1 μM), the negative con
trol, harringtonine (2 μg/mL), or the positive control, complete 
RPMI were added to respective wells to inhibit metabolic path
ways. After 20 min of incubation at 37 °C, puromycin (10 μg/mL) 
was added to each well. The cells were incubated at 37 °C for 
30–45 min, after which the inhibitors such as puromycin were re
moved and the cells were washed once with cold PBS. Then, the 
macrophages were lifted using 5 mM EDTA in PBS. After lifting, 
the cells were washed again with cold PBS and stained using the 
live/dead Zombie B550 Fixable Viability Kit (BioLegend, cat#: 
423122). During live/dead staining, the macrophage Fc receptors 
were blocked using Human TruStain FcX (BioLegend, cat#: 
422302). After 15 min of staining and Fc blocking at room tem
perature, the macrophages were washed with PBS and fixed using 
FluoroFix Buffer (BioLegend, cat#: 422101). After 30 min of fix
ation, the cells were permeabilized using Intracellular Staining 
Permeabilization Wash Buffer (BioLegend, cat#: 421002). After 
permeabilization, the cells were stained with PE antipuromycin 
antibody (BioLegend, cat#: 381504) for an hour at 4 °C. The sam
ples were then washed twice and analyzed by flow cytometry.

The flow cytometry data were analyzed using FlowJo (BD 
Sciences). First, the cells were gated for singlet discrimination us
ing SSC-A/SSC-H and FSC-A/FSC-H. Then, each condition was 
gated by selecting the negative Zombie B550 population. Finally, 
we set a harringtonine baseline gate. Then, we assessed the fluor
escence intensity of PE antipuromycin using MFI (Fig. S9). A total 
of five experiments were done with monocyte-derived macro
phages from five separate human donors. Each experiment’s 
VC/PCB exposure condition was performed in triplicate wells, 
and the mean of the triplicate was used as a single data point in 
Fig. 5 to describe the average for each donor.

Data analysis
All statistical analysis and graphing were performed using 
GraphPad Prism 10. All t tests were paired by donor. A P-value 
of  < 0.05 was considered statistically significant. Further statistic
al details are provided within each figure caption.
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