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In Brief

Abnormal redox homeostasis contributes
to the pathogenesis of type 2 diabetes.
However, targeting redox systems
remains a challenge. In this issue, Carter,
Huang et al. demonstrate that static
magnetic and electric fields can be used
to modulate redox systems for the
noninvasive treatment of type 2 diabetes.
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SUMMARY

Aberrant redox signaling underlies the pathophysiology of many chronic metabolic diseases, including type 2
diabetes (T2D). Methodologies aimed at rebalancing systemic redox homeostasis have had limited success.
A noninvasive, sustained approach would enable the long-term control of redox signaling for the treatment of
T2D. We report that static magnetic and electric fields (sBE) noninvasively modulate the systemic GSH-to-
GSSG redox couple to promote a healthier systemic redox environment that is reducing. Strikingly, when
applied to mouse models of T2D, sBE rapidly ameliorates insulin resistance and glucose intolerance in as
few as 3 days with no observed adverse effects. Scavenging paramagnetic byproducts of oxygen meta-
bolism with SOD2 in hepatic mitochondria fully abolishes these insulin sensitizing effects, demonstrating
that mitochondrial superoxide mediates induction of these therapeutic changes. Our findings introduce a
remarkable redox-modulating phenomenon that exploits endogenous electromagneto-receptive mecha-
nisms for the noninvasive treatment of T2D, and potentially other redox-related diseases.

INTRODUCTION

Life on Earth evolved in the presence of a static magnetic (B) field
and a vertically oriented electrostatic (E) field (Doglioni et al.,
2016; Honkonen et al., 2018; Thébault et al., 2015). Yet the inter-
action of both fields with living systems is one of the least under-
stood in biology. Many lifeforms across all major phyla sense
static electromagnetic fields (EMFs) for cellular migration (Lin
et al., 2017, 2018), geospatial mapping, and long-distance nav-
igation (Mouritsen, 2018; Wiltschko and Wiltschko, 1972).
Although poorly understood, the directional responses induced
by EMFs are purportedly mediated by modulating endogenous

L)

redox reactions, specifically through quantum spin-state inter-
actions with paramagnetic radicals (Harkins and Grissom,
1994; Hiscock et al., 2016; Maeda et al., 2008; Mouritsen,
2018; Schulten et al., 1978). However, the physiological function
of electromagnetic sensing beyond spatial mapping remains
unknown.

Glucose metabolism also evolved in the presence of EMFs
and is increasingly understood to be regulated by redox homeo-
stasis; that is, the balance of pro-oxidants and antioxidants
(Jones and Sies, 2015; Oberley, 1988; Watson, 2014). Aberrant
redox homeostasis contributes to the development of insulin
resistance and hyperglycemia (Anderson et al., 2009; Henriksen
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et al., 2011; Houstis et al., 2006). Patients with type 2 diabetes
(T2D) have elevated levels of pro-oxidants, such as superoxide
(O2"7) and hydrogen peroxide (H20,), and lower levels of antiox-
idants, primarily glutathione (Goldstein et al., 2005; Henriksen
et al., 2011; Monnier et al., 2006; Samiec et al., 1998; Sampson
et al., 2002; Sekhar et al., 2011). This redox imbalance leads to
an oxidized systemic environment that modifies cysteine resi-
dues, disrupting protein function and insulin action (Finkel,
2011; van der Reest et al., 2018). Rebalancing the systemic
redox environment by the continuous administration of antioxi-
dants enhances insulin sensitivity in patients with T2D, demon-
strating that redox homeostasis regulates glucose metabolism
and insulin effectiveness (Barbagallo et al., 1999; De Mattia
etal., 1998; Paolisso et al., 1992). Unfortunately, redox-based in-
terventions for the management of T2D have not been translated
to clinical settings because they require frequent or continuous
administration due to short half-lives (e.g., GSH < 10 min) and
are associated with side effects, which negatively impacts
adherence (Buglak et al., 2018; Elbatreek et al., 2019; Sabaté,
2003). New methods are needed to modulate systemic redox ho-
meostasis to address an underlying pathomechanism of T2D.

Based on the involvement of redox systems in facilitating both
the biological effects of EMFs and in regulating glucose meta-
bolism, we reasoned that EMFs may modulate glucose meta-
bolism via redox systems. However, the evidence supporting a
physiological effect of EMFs in glucose regulation is scant. At-
tempts to investigate the potential effects of EMFs on glucose
metabolism have yielded conflicting findings with some studies
demonstrating that EMFs raise fasting blood glucose and others
suggesting that EMFs have no effect (Elferchichi et al., 2011;
Gerardi et al., 2008; Harakawa et al., 2005; Lai et al., 2016; Li
et al., 2016; Shi et al., 2015; Szemerszky et al., 2010). These
studies utilized different field parameters, lacked sensitive mea-
sures of glycemia and insulin sensitivity, and did not utilize insu-
lin-resistant animal models. Thus, the effect of EMFs on glucose
regulation has not been systematically evaluated in vivo.

Here we set out to investigate the biological effects of static
magnetic and electrostatic fields. In particular, we investigated
the effect of a combined application of magnetostatic and elec-
trostatic fields on glycemia using three mouse models of T2D:
the obese-diabetic mouse model of the pleiotropic human disor-
der Bardet-Biedl syndrome (BBS) (Carter et al., 2012; Starks
et al.,, 2015), the leptin receptor-deficient (db/db) model, and
the 60% high-fat-diet-fed dietary (hereafter referred to as HFD)
model, which best recapitulates human diet-induced obesity
and insulin resistance. We report that the combined application
of static magnetic and electric fields (sBE) ameliorates hypergly-
cemia and insulin resistance in these models via redox-depen-
dent mechanisms.

RESULTS

Exposure to sBE Improves Glycemia

Adult normoglycemic mice (normal chow diet-fed [hereafter
referred to as NCD] and wild type [WT]), as well as three obese
mouse models of T2D, the BBS, HFD, and db/db models, were
continuously exposed to sBE (B field, 3 mT, and vertically ori-
ented E field, 7 kV/m) for 30 days (Figure 1A). These field
strengths were chosen to be approximately 100x the strength
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of the Earth’s B and vertical E fields in order to minimize noise
due to natural fluctuations (Honkonen et al., 2018; Thébault
et al., 2015). Control animals were housed in similar but inert de-
vices to control for potential environmental variations (i.e., tem-
perature, humidity, lighting, sound, tactile, scent, etc.). All mice
were housed in non-metallic cages to prevent electromagnetic
interference and mice were able to roam freely while inside their
cages. Glycemia was evaluated by measurement of fasting
blood glucose (FBG) and performance of glucose tolerance tests
(GTTs). To our surprise, exposure to sBE significantly reduced
FBG by 43% in the BBS model compared to control (Figure 1B)
and by 33% in both the HFD and db/db mice while reversing
glucose intolerance in the latter two models (Figures 1C and
1D). No significant changes in FBG or glucose tolerance were
observed in non-diabetic mice exposed to sBE (Figures 1C
and 1D).

To determine whether both fields were necessary to achieve
these effects, HFD mice were exposed to magnetostatic (sB),
electrostatic (sE), or combined sBE fields for 30 days, at which
point GTTs were performed. Interestingly, sB fields significantly
worsened glycemia and glucose tolerance, whereas sE fields
had no significant effects relative to untreated mice (Figure S1A).
These findings are consistent with prior studies that showed that
exposure to magnetostatic fields worsened glycemia (Elferchichi
etal., 2011). We found that only combined sBE fields significantly
improved glucose tolerance (Figure S1A). Therefore, we em-
ployed sBE fields for all experiments henceforth.

To determine whether long-term exposure was effective, HFD
mice were exposed to sBE for 22 weeks. Treated mice showed a
40% reduction in FBG compared to untreated mice, suggesting
that the anti-hyperglycemic effects of sBE are durable over
5 months of continuous sBE exposure (Figures S1B and S1C).
This finding indicates that long-term sBE exposure does not
lead to metabolic compensations that attenuate the anti-hyper-
glycemic effects. After 22 weeks, sBE exposure was ceased and
resulted in the rebounding of FBG within 7 days of sBE with-
drawal (Figures S1B and S1C). A withdrawal effect was also
investigated in db/db mice in a pairwise manner in which GTTs
were performed at three time points: prior to sBE treatment, at
16 days of treatment, and after 4 days of treatment cessation
(Figure S1D). These experiments show that 16 days of sBE expo-
sure improved glucose tolerance by 36% relative to pre-treat-
ment glucose tolerance (Figure S1E). Treatment was then
ceased, and glucose tolerance rebounded to pre-treatment
levels within 4 days (Figure S1E). Together, these findings indi-
cate that the glycemic effects induced by sBE are durable and
rebound within 7 days of treatment cessation.

Next, we investigated whether sBE exposure exerts glycemic
effects by raising insulin levels. HFD and db/db mice were
continuously exposed to sBE for 30 days and plasma insulin
levels were assessed following a 16 h fast. Fasting plasma insulin
levels were not elevated in any animal exposed to sBE and were
43% lower in sBE-exposed HFD mice (Figure 1E). Lower fasting
insulin levels, as observed in treated HFD mice, are consistent
with improved insulin sensitivity. Insulin levels were not lower in
treated db/db mice, likely reflecting model-specific differences
in the response to sBE due to changes in leptin signaling, differ-
ences in the severity of insulin resistance, and more severe islet
dysfunction (Ishida et al., 2004). Nevertheless, these findings
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Figure 1. sBE Exposure Improves Glucose Tolerance

(A) lllustration of static magnetic (sB) and vertically oriented electrostatic fields (sE), in combination termed sBE.
(B) Fasting blood glucose (FBG) levels after a 16 h fast in Bardet-Biedl syndrome (BBS) mice and their wild-type (WT) littermates after 30 days of sBE exposure

(WT mice, n = 5/group; BBS mice, n > 7/group).

(C) Glucose tolerance test (GTT) and FBG shown as time point 0 min (left) and area under the curve (AUC) (right) for normal chow diet (NCD) and high-fat diet (HFD)
mice exposed to sBE for 30 days (NCD mice, n > 22/group; HFD mice, n = 7/group).
(D) GTT and FBG shown as time point 0 min (left) and area under the curve (AUC) (right) for WT and leptin receptor-deficient mice (db/db) exposed to sBE for

30 days (n > 8 mice/group).

(E) Plasma insulin levels after a 16 h fast in NCD, HFD, and db/db mice exposed to sBE for 30 days (n > 8 mice/group).

(F) Homeostatic model assessment of insulin resistance (HOMA-IR) of NCD, HFD, and db/db mice exposed to sBE for 30 days (n > 8 mice/group).

(G) GTT and FBG (left) and area under the curve (AUC) (right) for HFD mice exposed to 30 days of sBE for 7 or 24 h per day (n > 8 mice/group).

Data presented as mean + SEM. Data in (A)—~(F) analyzed by two-tailed, unpaired t test. Data in (G) analyzed by one-way ANOVA with Tukey’s correction for
multiple comparisons. ns = not significant. “p < 0.05, **p < 0.01, **p < 0.001, ***p < 0.0001.

suggest that sBE exposure acts by enhancing insulin sensitivity
rather than acting as an insulin secretagogue. To estimate the ef-
fect of sBE exposure on insulin sensitivity, homeostatic model
assessment of insulin resistance (HOMA-IR) was calculated
and revealed that sBE ameliorated insulin resistance in both
the HFD and db/db insulin-resistant mouse models when
compared to untreated mice (Figure 1F). Thus, the anti-hypergly-
cemic effects of sBE treatment are likely due to the enhancement
of insulin action.

These remarkable changes prompted us to evaluate a more
clinically practical treatment regimen. Current medications for
T2D require patients to self-administer medications throughout
the day and thus have significant adherence challenges that
impact treatment success (Sabaté, 2003). Due to its potential

to be automated, we reasoned that sBE exposure could serve
as a passive modality to manage T2D during sleep if treatment
time could be reduced. Therefore, HFD mice were exposed to
sBE for 7 h/day for 30 days, during the time that mice typically
sleep (7 a.m.— 2 p.m.). Notably, mice exposed for 7 h/day
showed similar improvements in glucose tolerance compared
to continuously exposed mice, indicating that continuous
exposure is not needed to achieve therapeutic effects
(Figure 1G).

sBE Exposure Enhances Insulin Sensitivity and
Ameliorates Insulin Resistance

To definitively determine whether sBE exposure modulates insu-
lin sensitivity, we performed euglycemic-hyperinsulinemic
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Figure 2. sBE Exposure Enhances Insulin Sensitivity

(A-F) Euglycemic-hyperinsulinemic clamps were performed on NCD and HFD mice exposed to sBE following a 6 h fast.
(A) Glucose infusion rate (GIR) in NCD mice exposed to 30 days of continuous sBE (n > 7 mice/group).
(B) GIR in HFD mice exposed to sBE continuously (24 h/day) for 30 days, continuously (24 h/day) for 3 days, or for 7 h/day for a total of 3 days (n > 7 mice/group).

(C) Rate of glucose disposal (Ry) in NCD mice (n > 7 mice/group).
(D) Rq in HFD mice (n > 7 mice/group).

(E) Rate of glucose appearance (R,) in NCD mice (n > 7 mice/group).
(F) Ra in HFD mice (n > 7 mice/group).

Data presented as mean + SEM. NCD mice data analyzed by two-tailed, unpaired Student’s t test. HFD mice data analyzed by one-way ANOVA with Dunnett’s

correction for multiple comparisons. *p < 0.05, **p < 0.01, ***p < 0.001.

clamps (Figure S2A). NCD and HFD mice were exposed to sBE
for up to 30 days and then clamped following a 6 h fast. During
the clamped period, 30-day sBE exposed mice required striking
increases in glucose infusion rates (GIRs) of 17% in NCD and
106% in HFD mice in order to maintain euglycemia in response
to steady-state insulin (Figures 2A, 2B, S2B, and S2C). These im-
provements in insulin sensitivity occurred in as few as 3 days of
continuous exposure and were as effective when exposed for 7
h/day (Figure 2B). Consistent with enhanced insulin sensitivity,
sBE exposure substantially enhanced insulin-stimulated glucose
disposal by 14% in NCD and by 62% in HFD mice in as few as
3 days of exposure (Figures 2C and 2D). In addition, sBE expo-
sure did not enhance insulin suppression of glucose production
in NCD mice and only showed an effect in HFD mice after
30 days of exposure, indicating that the primary driver of the
elevated GIR following sBE exposure was insulin-stimulated
glucose disposal (Figures 2E and 2F). Interestingly, sBE did not
significantly enhance insulin-stimulated glucose uptake in any
tissue measured in NCD or HFD mice (Figures 3A and 3B). How-
ever, exposure to sBE significantly enhanced glucose incorpora-
tion into glycogen in liver, but not in skeletal muscle, in both NCD
and HFD mice (Figures 3C and 3D). Only the combined sBE fields
elicited a significant elevation in hepatic glycogen in HFD mice
(Figure 3E). Elevations in hepatic glycogen were also found in
db/db mice following sBE exposure and in primary human hepa-
tocytes, suggesting a liver-specific effect that extends beyond
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rodents (Figures 3F and 3G). These data demonstrate that sBE
exposure markedly enhances insulin sensitivity and implicate
the liver as a major target.

sBE Exposure Does Not Enhance Phosphorylation of
Insulin Signaling Intermediates

Insulin signaling was assessed in 3-day sBE exposed NCD and
HFD mice following a 15-min intravenous stimulation with insulin
or vehicle (PBS). Insulin stimulation enhanced insulin signaling as
measured by protein phosphorylation in three key tissues that
regulate glucose homeostasis: liver, white adipose tissue
(WAT), and skeletal muscle. Despite enhancing insulin sensi-
tivity, sBE exposure did not enhance phosphorylation of AKT
and GSK3b in liver, WAT, or skeletal muscle relative to untreated
mice, suggesting the existence of an insulin sensitizing mecha-
nism that does not involve an increase in the phosphorylation
of insulin signaling intermediates (Figures S2D-S2L).

sBE Exposure Does Not Result in Adverse Effects

We investigated whether the striking improvements in insulin
sensitivity driven by exposure to sBE were the result of
adverse effects. Mice were continuously exposed to sBE for
at least 30 days and then evaluated. No abnormal histopath-
ological findings were observed, blood pressure was not
changed, and echocardiography revealed normal cardiac
function in mice exposed to sBE (Figure S3A; Table S1).
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Figure 3. sBE Exposure Enhances Glucose Incorporation into Liver Glycogen

(A-D) Euglycemic-hyperinsulinemic clamped conditions.

(A and B) "*C-2-deoxyglucose uptake into tissues in (A) NCD mice (n > 7/group) and (B) HFD mice (n > 7/group).
(C and D) '*C-2-deoxyglucose incorporation into liver and muscle glycogen in (C) NCD mice (n > 7/group) and (D) HFD mice (n > 6/group).
(E) Total liver glycogen levels in HFD mice treated with static magnetic fields (sB), static electric fields (SE), or both static magnetic and electric fields (sBE) for

25 days (n > 7/group).

(F) Total liver glycogen levels in db/db mice treated with sBE for 30 days (n > 7/group).
(G) Glycogen levels (micrograms per milligram protein) in primary human hepatocyte cell culture after 6 h of sSBE exposure (n = 5 different human donor hepatocyte
lines). Data are statistically analyzed using mixed-effects modeling in which the cell line is the random effect and the treatment is the fixed effect. The treatment

effect is significant at p < 0.01.

Data presented as mean + SEM. Data in (A), (C), and (F) analyzed by two-tailed, unpaired Student'’s t test. Data in (B)-(E) analyzed by one-way ANOVA with

Dunnett’s correction for multiple comparisons. *p < 0.05, **p < 0.01.

Glucose excretion was not higher in sBE-exposed animals,
ruling out elevated glucosuria (Figures S3B-S3D). NCD and
db/db mice showed no changes in body weight, food intake,
or energy expenditure (Figures S3E and S3F). However, HFD
mice displayed lower body weight, higher energy expenditure
and food intake, and a lower respiratory quotient, suggesting
model-specific differences (Figure S3G). Based on the
observed effects of sBE exposure on liver glucose meta-
bolism, the ultrastructure of hepatic mitochondria was evalu-
ated and revealed normal mitochondrial morphology (Figures

S3H and S3I). Thus, exposure to sBE is well tolerated and
the effects on insulin action are unlikely to be secondary to
adverse effects.

sBE Exposure Lowers Oxidative Distress and

Activates NRF2

Given that changes in insulin signaling could not explain the insu-
lin sensitizing effects of sSBE, we turned our mechanistic focus to
other pathways that could regulate insulin sensitivity. Redox
imbalance and oxidative distress have been suggested to

Cell Metabolism 32, 561-574, October 6, 2020 565
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Figure 4. sBE Exposure Alters the Systemic Redox State to Enhance the Insulin Response

(A) Plasma F2-isoprostanes in 3-day sBE-exposed NCD and HFD mice fasted for 16 h and refed for 4 h (n = 8 mice/group).

(B) Western blot image (left) and quantification (right) of 3-day sBE-exposed HFD mouse liver nuclear fractions NRF2 normalized to histone 3 (H3) (n = 4
mice/group).

(C-E) Measurements of analytes in plasma collected from control HFD mice and 3-day sBE-exposed HFD mice.

(C) Plasma concentration of glutathione (GSH) and glutathione disulfide (GSSG) (n > 12 mice/group).

(D) Half-cell reduction potential of GSH in plasma (n > 12 mice/group).

(E) Protein glutathionylation (PrSSG) and protein cysteinylation (PrCySS) in plasma (n > 12 mice/group).

(F) Livers were collected from 3-day and 30-day sBE-exposed HFD mice and assessed for GSH and GSSG presented as a concentration (nmol per mg of protein)
(n > 10 mice/group). §p = 0.07, **p < 0.01.

(G) Schematic of euglycemic-hyperinsulinemic clamp procedure with the infusion of a reducing or oxidizing redox solution.

(H and ) Euglycemic-hyperinsulinemic clamp paired studies performed on HFD mice.

(H) Percent change in glucose infusion rate (GIR) of untreated HFD mice basally clamped at 150 mg/dL plasma glucose and then re-clamped at this concentration
during an infusion of saline or a reducing solution of GSH/GSSG (reducing E;) (saline infusion, n = 6 mice; reducing E,, infusion, n = 6 mice).

(I) Percent change in GIR from 3-day sBE-exposed HFD mice basally clamped at 150 mg/dL plasma glucose and then re-clamped at this concentration during an
infusion of saline or an oxidizing solution of GSH/GSSG (oxidizing E;) (sBE-exposed with saline infusion, n > 5 mice; sBE-exposed with oxidizing Ey, infusion, n >
5 mice).

Data presented as mean + SEM. Data in (A) and (F) analyzed by with Sidak’s multiple comparison t tests. Data in (B)—(E) analyzed by two-tailed, unpaired Student’s
t test. Data in (H) and (I) analyzed by two-tailed, paired Student’s t test. *p < 0.05, **p < 0.01, ***p < 0.001, ***p < 0.0001.

contribute to the pathogenesis of insulin resistance (Anderson levels of Fo-IsoPs (Monnier et al., 2006; Sampson et al., 2002;

et al., 2009; Henriksen et al., 2011; Houstis et al., 2006; Madiraju
et al., 2018; Rindler et al., 2013). To determine whether sBE ex-
erts biological effects through redox-dependent mechanisms,
we measured circulating Fo-isoprostanes (F»-IsoPs), a product
of reactive oxygen species (ROS)-driven oxidation of arachi-
donic acid that is used as a clinical marker of lipid peroxidation
and systemic oxidative distress (Milne et al., 2007). Metabolic
health and insulin sensitivity negatively correlate with circulating
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Sandu et al., 2005). F»-IsoPs were measured in NCD and HFD
mice exposed to sBE for 3 days followed by a 16 h fast and
4 h re-feed to assess the effect of sBE on the whole-body oxida-
tive burdenin the fasted and fed states. HFD mice showed higher
levels of Fo-IsoPs, indicating greater systemic oxidative distress
in the diabetic state, consistent with prior studies (Sampson
et al., 2002; Sandu et al., 2005; Sutton et al., 2018). Relative to
untreated controls, sBE exposure reduced circulating F,-IsoPs
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by 19% and 20% in the fasting state of NCD and HFD mice,
respectively, and reduced circulating Fo-IsoPs by 37% in the
refed state of HFD mice (Figure 4A). To determine whether these
significant changes in oxidative burden were related to an adap-
tive redox response, we probed for expression of nuclear factor
erythroid 2-related factor (NRF2), a master regulator of cellular
redox homeostasis (Jones and Sies, 2015). Upon activation of
this transcription factor, NRF2 translocates to the nucleus,
where it regulates expression of antioxidant response elements
to initiate a redox response (Yun and Finkel, 2014). Three-day
exposure of HFD mice to sBE significantly elevated the levels
of nuclear NRF2 in the liver (Figure 4B). These findings indicate
that exposure to sBE activates an adaptive redox response to
lower oxidative distress in diabetic animals.

sBE Exposure Induces a Systemic Redox Response that
Is Insulin Sensitizing

The systemic redox environment is regulated by rapidly respon-
sive antioxidant systems that act as reducing agents to
neutralize oxidants (Jones and Sies, 2015). The glutathione-to-
glutathione disulfide (GSH/GSSG) and cysteine-to-cystine
(Cys/CySS) are thiol redox couples that represent two of the ma-
jor antioxidant systems in mammals (Jones and Sies, 2015;
Schafer and Buettner, 2001). Both the GSH/GSSG and Cys/
CySS systems are present in virtually every cell and are highly
compartmentalized, including extracellular compartments,
such as plasma (Hansen et al., 2006; Jones and Go, 2010). More-
over, thiol-mediated cysteine modifications constitute an alter-
native signaling mechanism that may modulate protein function
independently of protein phosphorylation (Dalle-Donne et al.,
2009; Jones and Sies, 2015). We reasoned that these redox sys-
tems represent a likely candidate to explain the therapeutic ef-
fects of sBE exposure to mitigate systemic oxidative distress.
Therefore, we investigated whether exposure to sBE induces
adaptive changes in these critical redox couples. Three days of
sBE exposure elevated circulating GSH by 2.4-fold, resulting in
a —25 mV more reducing redox environment compared to unex-
posed diabetic mice, as calculated by the Nernst equation
(Schafer and Buettner, 2001) (Figures 4C and 4D). Interestingly,
the more ubiquitous redox couple, Cys/CySS, showed no
change, suggesting a specific systemic effect on the GSH/
GSSG redox couple (Figures S4A and S4B). In addition, both
circulating protein S-glutathionylation (PrSSG) and S-cysteinyla-
tion (PrCySS) were 60% and 65% lower, respectively, in HFD
mice treated with sBE for 3 days compared with untreated
mice, consistent with a systemic shift toward a more reducing
circulating redox environment (Figure 4E). sBE exposure trended
toward higher GSH levels in the liver at 3 days of exposure (p =
0.07) and significantly elevated GSH levels in the liver at
30 days of exposure (Figure 4F). The change in S-glutathionyla-
tion and S-cysteinylation of hepatic proteins was not statistically
significant following sBE exposure (Figure S4C). These data indi-
cate that exposure to sBE alters the hepatic redox environment
and suggest that the liver is a source of the sBE-driven changes
in the systemic redox environment. To investigate whether enzy-
matic shifts could explain these redox changes, we assessed the
activity of liver GSSG reductase, thioredoxin reductase, and
glucose-6-phosphate dehydrogenase and found no change in
the activity of these redox-regulating enzymes (Figures
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S4D-S4F). These data further support the concept that sBE
may alter redox homeostasis independently of changes in the
activity of enzymes that regulate glutathione redox metabolism.

The striking elevation in circulating GSH prompted us to inves-
tigate whether the observed changes in the plasma GSH/GSSG
redox potential could directly account for the insulin sensitizing
effects of sBE. A more reducing GSH/GSSG redox potential
was achieved in vivo by infusion of redox adjusted solutions of
GSH/GSSG into HFD mice for approximately 1 h under euglyce-
mic-hyperinsulinemic clamped conditions (Figure 4G). Remark-
ably, 1-h infusion of a more reducing redox environment similar
to that achieved by sBE mimicked the insulin sensitizing effects
of sBE exposure (Figure 4H). These findings are consistent with
human studies showing that infusion of GSH into patients with
T2D is insulin sensitizing (De Mattia et al., 1998; Paolisso et al.,
1992). Conversely, reversal of the sBE-induced changes in circu-
lating redox homeostasis by infusion of a solution of GSH/GSSG
adjusted to achieve a more oxidized redox environment attenu-
ated the effects of sBE on insulin action (Figure 4l). These data
reveal that the systemic redox environment exerts rapid control
of the insulin response and indicate that exposure to sBE exerts
insulin sensitizing effects by promoting a more reducing sys-
temic redox environment.

sBE Exposure Alters ROS Homeostasis

Thiol antioxidants are activated in response to the presence of
excess oxidants, including ROS. ROS have long been proposed
to play a causal role in the pathogenesis of insulin resistance by
poorly understood mechanisms (Anderson et al., 2009; Henrik-
sen et al., 2011; Houstis et al., 2006; Jones and Sies, 2015).
Given that many ROS possess free electrons, e.g., O, , these
species have been proposed to mediate the biological re-
sponses to weak electromagnetic fields (Maeda et al., 2008;
Mouritsen, 2018; Solov’yov and Schulten, 2009). Due to their
paramagnetic nature and involvement in the pathophysiology
of T2D, we investigated whether sBE exposure alters O, ™ ho-
meostasis. When exposed to sBE at 3.0 mT, but not 0.5 mT,
the oxidation of dihydroethidium (DHE) and MitoSOX in Hepal-
6 liver cells was significantly lower than untreated cells, suggest-
ing lower steady-state levels of both cytosolic and mitochondrial
O, (Figures 5A and S5A). Moreover, sBE enhanced oxidation
of Amplex Red, an indicator of steady-state levels of H,O, at
3.0 mT, but not 0.5 mT, compared to untreated cells (Figures
5A and S5A). These findings are consistent with the ratio of pro-
duction being altered by disproportionation of O,"~ to H,0,
(Buettner et al., 2006). We then assessed the effects of sBE on
markers of O," ™ in vivo using HFD mice. In vivo and ex vivo imag-
ing revealed that sBE exposure lowered the oxidation of DHE in
liver, but not in kidney or heart, at 3 days of treatment, consistent
with in vitro data (Figures 5B, 5C, and S5B). No change in the ac-
tivity or expression of superoxide dismutases (SOD1 and SOD2)
or catalase was found in sBE-exposed livers (Figures 5D-5F).
These data suggest that sBE induces non-enzymatic shifts in
liver O, ™ metabolism.

Mitochondrial ROS in the Liver Mediates the Insulin
Sensitizing Effects of sBE

We hypothesized that O, " is a key magneto-receptive radical
that serves as a sensor to mediate the metabolic effects of
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Figure 5. sBE Exposure Alters ROS Homeostasis in the Liver

(A) Normalized mean fluorescent intensity (MFI) of dihydroethidium (DHE), MitoSox (Mito), and Amplex Red (Amplex) in Hepa1-6 cells exposed to 3.0 mT sBE (n =

4 biological replicates/group).

(B) Representative images (left) of DHE oxidation in 3-day sBE-exposed HFD mice in vivo, whole mouse (top), and liver (bottom) and MFI quantification (right) in

liver, kidneys, and heart (n = 4 mice/group).

(C) Representative images (left) of liver sections (scale bar, 100 mm) collected from HFD mice exposed to 3 days of sBE and stained with DHE and quantification
(right) of the mean fluorescent intensity as a surrogate of DHE oxidation (n = 300 nuclei/mouse, n = 3 mice/group).

(D-F) HFD mice were exposed to sBE for 3 days and assessed for ROS-related liver enzyme function and expression.

(D) Liver superoxide dismutase 1 (SOD1) (left) and SOD2 activity (right) (n = 12 mice/group).

(E) Liver catalase activity (n = 8 mice/group).

(F) Western blot images (left) and quantifications (right) for protein expression of SOD1, SOD2, and catalase (CAT) in liver (n = 6/group).
Data presented as mean + SEM. Data in (A) analyzed with Sidak’s multiple comparison t tests. Data in (B)-(F) analyzed by two-tailed, unpaired Student’s t test.

*p < 0.05, “*p < 0.01.

sBE due to its unpaired electron (Maeda et al., 2008; Solov’yov
and Schulten, 2009; Usselman et al., 2016). To test the involve-
ment of O,"~, HFD mice were treated with two different pharma-
cologic superoxide dismutase (SOD) mimetics, GC4403
(specific) and TEMPOL (non-specific), to scavenge Oo"~
throughout the 3-day sBE exposure period. GC4403 is a manga-
nese(ll) pentaazamacrocyclic compound that freely crosses cell
membranes and is highly specific for superoxide as the manga-
nese center of GC4403 cycles between Mn(ll) and Mn(lll) to
convert O,"~ to H,O, (Coleman et al., 2014; Mapuskar et al.,
2017; Weekley et al., 2017). TEMPOL, or 4-hydroxy-2,2,6,6-tet-
ramethylpiperidine-1-oxyl, is a membrane permeable antioxi-

568 Cell Metabolism 32, 561-574, October 6, 2020

dant that is a metal-independent SOD mimetic and has been
shown in several studies to scavenge O,"~ (Aksu et al., 2015;
Kaewpila et al., 2008; Marciniak et al., 2016). We found that treat-
ment with either superoxide scavenger fully attenuated the insu-
lin sensitizing effects of sBE (Figures 6A, 6B, and S6A-S6C).
Based on our data implicating the liver and mitochondria as
important targets of sSBE exposure, we investigated whether he-
patic mitochondrial superoxide was required for the insulin
sensitizing effects of sSBE. To demonstrate target specificity to
mitochondrial O,"~, human SOD2 was overexpressed in HFD
mice using the liver tropic adeno-associated virus vector
(AAV), AAV2/8 serotype, with the liver-specific chimeric
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Figure 6. Hepatic Superoxide Mediates the Insulin Sensitizing Effects of sBE Exposure
(A and B) Euglycemic-hyperinsulinemic clamps were performed after a 6 h fast on HFD mice exposed concurrently to sBE for 3 days and a pharmacological

superoxide dismutase mimetic, either GC or TEMPOL.
(A) GIRs (left) and glucose rate of disappearance (Rg) (right) (n > 6 mice/group).
(B) "*C-2-deoxyglucose incorporation into liver glycogen (n > 6 mice/group).

(C) Liver protein expression of SOD2 in HFD mice overexpressing liver-specific superoxide dismutase 2 (AAV-SOD) or control green fluorescent protein (AAV-

GFP) (AAV-GFP, n = 4 mice; AAV-SOD, n = 5 mice).

(D) Liver activity of SOD2 in AAV-GFP and AAV-SOD mice (AAV-GFP, n = 4 mice; AAV-SOD, n = 5 mice).

(E and F) Euglycemic-hyperinsulinemic clamps were performed after a 6 h fast on AAV-SOD or AAV-GFP HFD mice after 3 days of sBE exposure.

(E) GIRs (left) and Ry (right) (AAV-GFP, n = 4 mice; AAV-SOD, n = 5 mice; AAV-GFP+sBE, n = 8 mice; AAV-SOD+sBE, n = 9 mice).

(F) '“C-2-deoxyglucose incorporation into liver glycogen (AAV-GFP, n = 4 mice; AAV-SOD, n = 5 mice; AAV-GFP+sBE, n = 8 mice; AAV-SOD+sBE, n = 9 mice).
Data presented as mean + SEM. Data in (A), (B), (E), and (F) analyzed by two-way ANOVA with Sidak’s multiple comparisons. Data in (C) and (D) analyzed by two-
tailed, unpaired Student’s t test. *p < 0.05, **p < 0.01, **p < 0.001, ***p < 0.0001.

promoter alpha-1-antitrypsin fused with an albumin enhancer
(Figures 6C and 6D) (Kramer et al., 2003). SOD2 is highly spe-
cific to mitochondrial O,"~ scavenging as this enzyme only
has SOD activity once the mitochondrial leader sequence is
cleaved, metalated, and folded in the inner mitochondrial mem-
brane (Fujii et al., 1998; Wispé et al., 1989). Following viral trans-
duction, HFD mice were exposed to sBE for 3 days, followed by
euglycemic-hyperinsulinemic clamps to assess insulin sensi-
tivity. Overexpression of SOD2 in liver completely abolished
the insulin sensitizing effects of sBE, including the full attenua-
tion of effects on GIR, glucose disposal, and glucose incorpora-
tion into liver glycogen (Figures 6E, 6F, and S6D-S6F). These
findings demonstrate that mitochondrial superoxide in the liver
is a key mediator of the insulin sensitizing effects of sBE.

DISCUSSION

Life evolved on Earth over billions of years in the presence of
weak magnetostatic and electrostatic fields (Doglioni et al.,
2016; Honkonen et al., 2018; Thébault et al., 2015). However,
the biological effects of these fields are not well understood. In
this study, we demonstrate that combined magnetostatic and
electrostatic fields exert remarkable insulin sensitizing effects
via redox-dependent mechanisms. These effects are rapid,
occurring by 3 days of treatment for 7 h of exposure per day
without adverse effects. We also found that exposure to sBE ex-
erts rapid and robust effects on glycogen synthesis, enhancing
hepatic glycogenesis in vivo in mice as well as in primary human
hepatocytes. These findings are consistent with an enhanced
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insulin response and suggest that the effects of sBE extend
beyond rodents.

We found that sBE exerts insulin sensitizing effects, at least in
part by modulating the systemic GSH/GSSG redox environment.
Three days of exposure to sBE resulted in striking increases in
plasma GSH levels, resulting in a considerably more reducing
systemic redox environment. Moreover, systemic infusion of
redox-adjusted solutions under clamped conditions rapidly
altered insulin sensitivity. These findings are consistent with prior
studies that show that the extracellular redox environment regu-
lates insulin sensitivity and glycogen synthesis (Barbagallo et al.,
1999; De Mattia et al., 1998; Monnier et al., 2006; Nocito et al.,
2015; Paolisso et al., 1992; Sampson et al., 2002). It has been
proposed that redox systems regulate metabolism via redox-
dependent protein post-translational modifications (PTMs) on
cysteine residues, primarily, S-glutathionylation and S-cysteiny-
lation. These modifications modulate protein functional changes
for the rapid regulation of metabolic enzyme activity and energy
metabolism (Dalle-Donne et al., 2009; Jones and Sies, 2015).
Indeed, our findings reveal that sBE exposure decreases S-glu-
tathionylation and S-cysteinylation on circulating proteins within
3 days of exposure. These findings are in line with (1) a healthy,
more reducing systemic environment in which these redox PTMs
are removed and (2) a signaling mechanism by which sBE rapidly
regulates protein function and insulin sensitivity via non-phos-
phorylation PTMs (Dalle-Donne et al., 2009; Jones and Sies,
2015). The rapid induction of the modified insulin response
following redox adjusted infusions coupled with our observa-
tions that sBE alters redox PTMs point toward the existence of
a rapidly responsive, redox-dependent switch that regulates in-
sulin sensitivity and can be modulated by sBE. Thus, rapid, non-
genetic mechanisms, such as redox-dependent PTMs, are likely
involved in regulating the function of proteins involved in the
regulation of insulin sensitivity. As the major affected redox
couple is GSH/GSSG (as opposed to Cys/CySS), GSH-sensitive
targets are likely involved.

Thiol redox adaptations often occur to maintain redox homeo-
stasis in response to oxidative events, including perturbations in
ROS equilibrium (Jones and Sies, 2015). Altering ROS homeo-
stasis, particularly O,"~ products, has been found to serve as
a key initiating signal for the activation of a hormetic response
originating in mitochondria, termed mito-hormesis, that en-
hances the antioxidant capacity to provide protection against
the deleterious consequences of oxidative distress (Cox et al.,
2018; Ristow, 2014; Spitz et al., 1987; Yun and Finkel, 2014).
Consistent with the activation of mito-hormesis, we found that
sBE exposure alters levels of mitochondrial ROS in liver, in-
creases activation of hepatic NRF2 (as indicated by increased
levels of nuclear NRF2), enhances the GSH/GSSG antioxidant
capacity (as evidenced by changes in the plasma redox poten-
tial), and results in the amelioration of oxidative distress (as evi-
denced by the reduction of circulating isoprostanes). Activation
of mito-hormesis and induction of an antioxidant response,
particularly in the GSH redox system, have been shown to
have beneficial effects on metabolism and insulin sensitivity
(Barbagallo et al., 1999; Cox et al., 2018; De Haes et al., 2014;
De Mattia et al., 1998; Paolisso et al., 1992). However, the mech-
anistic link between ROS and the mito-hormetic response re-
mains incompletely understood.
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ROS vary in terms of their reactivity and molecular targets; thus,
modestly altering ROS stoichiometries may result in profoundly
different biological effects (Brandes et al., 2018; Jones and
Sies, 2015). In line with this concept and prior work on EMFs,
we demonstrated that sBE alters ROS homeostasis in a manner
consistent with the altered metabolism of O,"~ (Buettner et al.,
2006; Guler et al., 2006; Lin et al., 2018; Usselman et al., 2016).
Due to the diversity of interactions and the high degree of reac-
tivity, the biological effects of a given set of ROS signals are chal-
lenging to decode. It is equally challenging to identify the specific
type of ROS that is responsible for mediating a biological
response to exogenous stimuli (Brandes et al., 2018). Itis for these
reasons that no studies to date have been able to definitively
demonstrate the involvement of a particular type of ROS in medi-
ating the effects of externally applied electromagnetic fields.

Based on prior studies, we hypothesized that O,"~ acts as a
paramagnetic sensor to initiate or mediate the metabolic effects
of sBE. This concept was tested by scavenging O, ™ systemically
using pharmacological molecules and specifically in the liver via
genetic approaches during sBE exposure. Removal of the sus-
pected mediating signal (i.e., O, ") with mitochondrial SOD2 fully
attenuated the insulin sensitizing effects of sBE, supporting the
conclusion that mitochondrial O, in the liver is a crucial signal
that mediates the effects of sBE. These findings extend the previ-
ous understanding of the effects of EMFs on ROS by demon-
strating that a metabolic phenotype (i.e., insulin responsiveness)
depends on the homeostasis of a paramagnetic radical (i.e.,
05""). To our knowledge, this is the first study to fully attenuate
and modulate any biological effect induced by EMFs, and this
was done so by scavenging mitochondrial O,"~ and by modu-
lating the systemic redox environment. Therefore, we propose
that exposure to sBE alters the milieu of mitochondrial ROS in
liver, which serves as a biological signal to trigger an adaptive sys-
temic redox response that is insulin sensitizing. Further work is
needed to elucidate the exact mechanisms at play.

While we have determined that O, ™ is a key mediator of these
effects, the physical mechanisms underlying the interaction be-
tween sBE and paramagnetic ROS are not well understood and
remain a major challenge to investigate due to current techno-
logical limitations. There are two common hypotheses underly-
ing this interaction. The first relies on the existence of a magneto-
receptor that physically responds to EMFs; for example, opening
or closing of a channel. However, weak fields such as those used
in our study are likely not strong enough to physically alter the
gating properties of channels (Meister, 2016). The second and
more plausible hypothesis is the radical-pair mechanism
(RPM), which has been proposed to underlie magnetoreception
in migrating animals. This hypothesis states that weak EMFs
alter the spin states of radical intermediates, thereby changing
their reaction products and downstream effects (Harkins and
Grissom, 1994; Schulten et al., 1978). Consistent with RPM,
sBE exposure changes the reaction products and may alter
the rate of formation of O, ", shifting the redox environment to
enhance insulin sensitivity. Thus, we propose that sBE exerts
physiological effects, at least in part, by spin-state interaction
with O,"~ or its rate of formation via RPM. Although we found
that O,"~ is a key player, the metabolic effects of sBE may
involve other reactive species including reactive nitrogen spe-
cies and radicals (e.g., semiquinone flavin, FADH") (Elferchichi
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etal., 2011). In addition to identifying the involvement of O, ~, we
identify hepatic mitochondria as a target of sBE. This is likely
because the liver is a metabolic nexus and a large source of
0,7, due to the presence of detoxifying enzymes and respira-
tory reactions that produce O, ™ as a reaction byproduct.
Further work is needed to fully understand these mechanisms.
Nevertheless, our findings point toward the existence of evolu-
tionarily encoded electromagneto-receptive mechanisms in
mammals that regulate the insulin response.

Despite numerous options available, many patients with T2D fail
treatment, leaving them with a significantly higher risk of cardio-
vascular disease and premature death (Gregg et al., 2014; Sabaté,
2003). There is a pressing need to develop simple therapeutic stra-
tegies that (1) target the underlying causes of T2D, including redox
imbalance, and (2) do not negatively impact adherence. To
address these issues, attempts have been made to develop sim-
ple methods to adjust glycemia. However, recent methods do not
target the underlying redox imbalance and require the use of exog-
enous transgenes, ferromagnetic nanoparticles, or the implanta-
tion of electrosensitive cells, thus limiting their clinical utility
(Krawczyk et al., 2020; Stanley et al., 2012, 2015, 2016). Our
studies show that sBE therapy, which can be fully automated, rep-
resents an entirely noninvasive means to ameliorate insulin resis-
tance through an interaction with endogenous paramagnetic mol-
ecules (e.g., O>" ") and through the adaptive restoration of healthy
redox homeostatic mechanisms (e.g., GSH/GSSG). Thus, the
findings presented here identify a novel physiological effect of
magnetostatic and electrostatic fields that may be exploited for
the automated long-term, noninvasive management of T2D and
potentially other redox-related conditions.

Limitations of Study

There are limitations to our study. Notably, we demonstrate that
static magnetic and electric fields exert robust insulin sensitizing
effects using mouse models of insulin resistance. Studies in large
mammals and humans are needed to test safety and efficacy of
this noninvasive modality. Further, a dose response of each
component of sBE and its timing may need to be optimized.
Also, while we demonstrate that mitochondrial superoxide in the
liver mediates the therapeutic effects of sBE, it is possible that
other forms of ROS play an important role. Future studies should
seek to identify additional key players in this effect. Additionally,
it is difficult to define a mechanism underlying the interactions be-
tween sBE and ROS due to technological limitations of measuring
spin state in vivo. Future studies will be required to define the bio-
logical effects of modulating the spin state of intracellular mole-
cules. Finally, while we identify the existence of a redox switch
that mediates the insulin sensitizing effects of exposure to sBE,
the exact proteins that mediate these effects remain undefined.
Future studies are needed to identify proteins that constitute the
insulin sensitizing redox switch that is activated by exposure
to sBE.
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KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER
Antibodies

Phospho-AKT (Ser473) Rabbit Monoclonal Cell Signaling Technology Cat#4060

Antibody
AKT Mouse Monoclonal Antibody

Phospho-GSK3b (Ser9) Rabbit Monoclonal
Antibody

GSK3b Rabbit Monoclonal Antibody
SOD1 Rabbit Polyclonal Antibody

SOD2 Rabbit Polyclonal Antibody
Catalase Rabbit Polyclonal Antibody
NRF2, NFE2L2 Rabbit Polyclonal Antibody

Proteintech
Cell Signaling Technology

Cell Signaling Technology
Proteintech
Proteintech
Proteintech
Proteintech

Cat#60203-2-Ig
Cat#5558

Cat#9315

Cat#10269-1-AP
Cat#24127-1-AP
Cat#21260-1-AP
Cat#16396-1-AP

Anti-Histone H3 Rabbit Polyclonal Antibody Abcam Cat#ab61251
Chemicals, Peptides, and Recombinant Proteins

Antimycin A Sigma-Aldrich Cat#1397-94-0
Hydrogen Peroxide Solution, 30% (w/w) Sigma-Aldrich Cat#7722-84-1
NADPH Roche Cat#10107824001
NADP+ Roche Cat#10128031001
Glucose-6-phosphate Sigma-Aldrich Cat#G7879
6-Phosphogluconic Acid Sigma-Aldrich Cat#79156
Dexamethasone Sigma-Aldrich Cat#D4902
L-glutamine Sigma-Aldrich Cat#G3126
Primary Hepatocyte Thaw Medium Axol Biosciences Cat#ax3705
Dihydroethidium (Hydroethidine) Invitrogen/Thermo Fisher Cat#D11347
MitoSOX Red Mitochondrial Superoxide Invitrogen/Thermo Fisher Cat#M36008
Indicator

GC4403 Galera Therapeutics N/A
4-Hydroxy-TEMPO (TEMPOL) Sigma-Aldrich Cat#176141
Insulin Humulin N/A

PBS, pH 7.4 GIBCO Cat#10010023
Sodium Pyruvate Sigma-Aldrich Cat#P2256

16% Paraformaldehyde Solution, Fisher Scientific Cat#50980487
EM Grade

Glutaraldehyde solution Sigma-Aldrich Cat#G7776
Perchloric acid Sigma-Aldrich Cat#311421
Boric acid Sigma-Aldrich Cat#B6768

BSA Sigma-Aldrich Cat#A2153
DETAPAC Sigma-Aldrich Cat#D6518
DMEM, high glucose GIBCO Cat#11995081
FBS GIBCO Cat#16000044
10x Tris Buffered Saline (TBS) Bio-Rad Cat#1706435
HEPES (1 M) GIBCO Cat#15630106
cOmplete, EDTA-free Protease Inhibitor Roche Cat#11873580001
Cocktail

PhosSTOP Phosphatase Inhibitor Sigma-Aldrich Cat#4906845001
Tissue-Tek OCT Compound Fisher Scientific Cat#NC9806257

(Continued on next page)
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REAGENT or RESOURCE SOURCE IDENTIFIER
Benzonase Nuclease, Purity > 90% Millipore/Novagen Cat#70746
Critical Commercial Assays

Thioredoxin Reductase Assay Kit Sigma-Aldrich Cat#CS0170
Ultra Sensitive Mouse Insulin ELISA Kit Crystal Chem Cat#90080
Glycogen Assay Kit Cayman Chemical Cat#700480
Hydrogen Peroxide Cell-Based Assay Kit Cayman Chemical Cat#600050
Pierce Coomassie Plus (Bradford) Assay Thermo Fisher Cat#23238

Reagent

Revert 700 Total Protein Stain and Wash
Solution Kit

Li-Cor

Cat#926-11015

Experimental Models: Cell Lines

Primary Human Hepatocytes -

Axol Biosciences

Cat#ax37501-1

Characterized

HEPA1-6 ATCC Cat#CRL-1830
Experimental Models: Organisms/Strains

C57BL/6J mice Jackson Laboratory Cat#000664
C57BL/6J DIO mice Jackson Laboratory Cat#380050
B6.BKS(D)-Leprdb/J mice Jackson Laboratory Cat#000697
Bbs1M390R/M390R mice Sheffield Laboratory (Carter et al., 2012) N/A
Recombinant DNA

SOD2 cDNA Clonetech Cat#639307
pFBAAV-mcs-BgHpA University of lowa Viral Vector Core N/A

Software and Algorithms

Prism 8 Version 8.3.1

Fiji, ImagedJ Version 2.0.0

Image Studio Version 4.0.21

R package Ime4 Version 1.1.21

R package ImerTest Version 3.1.0

GraphPad Software, LLC

NIH

Li-Cor

The R Foundation
The R Foundation

https://www.graphpad.com/
scientific-software/prism/

https://imagej.net/Fiji
https://www.licor.com/bio/image-studio/
https://CRAN.R-project.org/package=Ime4

https://CRAN.R-project.org/
package=ImerTest

Other

Electromagnetic Solenoid Coils
NuPAGE 4 to 12% Bis-Tris Mini Protein Gel
Odyssey Nitrocellulose Membranes

Freestyle Lite Blood Glucose Monitoring
System

Geminii
Invitrogen
Li-Cor
Abbott

N/A
Cat#NP0336
Cat#926-31090
N/A

RESOURCE AVAILABILITY

Lead Contact

Further information and requests for resources and reagents should be directed to and will be fulfilled by the Lead Contact, Val C.

Sheffield (val-sheffield@uiowa.edu).

Materials Availability

Mouse lines used in this study are commercially available at the Jackson Laboratory. The BBS mice previously generated by the
Sheffield Laboratory have been deposited at Jackson Laboratory and are also commercially available.

Data and Code Availability

No new code was created in this paper.
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EXPERIMENTAL MODEL AND SUBJECT DETAILS

Mouse Models

C57BL/6J (#000664), HFD-fed (#380050) and db/db (#000697) mice were obtained from Jackson Labs and housed at The University
of lowa Animal Facility under controlled light conditions (12 h light/12 h dark) and fed ad libitum. Animals were habituated to the animal
facility for at least one week upon arrival before beginning experiments. Bbs1V3%0F/M3%F mice were previously generated by the
Sheffield Laboratory from in-house matings under the same environmental conditions. Male C57BL/6J and HFD mice were used.
Male and female db/db mice were used. Experiments were performed using mice that were in good health between approximately
16-20 weeks of age. HFD mice were placed on the HFD diet beginning at 6 weeks of age and experiments were performed when mice
were on the diet for approximately 10-14 weeks. All groups were randomly assigned based on age and body weight. All experiments
followed the guidelines of the Institutional Animal Care and Use Committee.

Cell Culture
HEPA1-6 (sex: female, ATCC CRL-1830, RRID: CVCL_0327) cells were grown in DMEM with 10% fetal bovine serum (GIBCO) at 37°C
and 5% CO,. Cells were grown in a 12-well format and seeded ~300,000/well for studies.

Primary human hepatocytes were derived from male donors (Axol Biosciences). These cells were thawed at 37°C in specific thaw-
ing and growing medium purchased from Axol Bioscience. For experiments, hepatocytes were seeded in 6-well dishes at ~1 million
cells/well. Hepatocytes were grown to full confluency before starting studies.

METHOD DETAILS

sBE Exposure
A static magnetic field was provided by a power supply (Sorensen) and applied to a multi-turn solenoid coil to produce a field strength
of 0.5 - 5.0 mT, equating to approximately 10x — 100x of the magnetic field of the Earth. The magnetic B field was calculated by the

2
following equation: B = Z?T’\‘n' cosJd = %(sin@2 — sinZ1) where g is the permeability of free space, N is the number of turns,
oy
lis the current in the coil, len is the length of the solenoid and ¢ is the angle from a normal to the axis of the solenoid and the winding of
the solenoid. A vertical electrostatic field was provided by a modified power supply (Analog Technologies) to produce a field strength
of 5.0 - 10.0 kV/m, equating to approximately 100x of the vertical electric field of the Earth. Samples were placed within the solenoid.
For mouse experiments, mice were housed in non-magnetic cages (Innovive). sBE was applied whole-body to mice housed in cages.
Mice could freely roam cages as orientation of mice relative to the B-field did not interfere with exposure. All controls were placed in

inert devices controlled for environmental conditions (i.e., temperature, humidity, lighting).

Euglycemic-hyperinsulinemic clamps

A catheter was placed into the jugular vein of mice. Mice were allowed to fully recover from surgery for 6-days prior to the clamp
procedure. Clamps were performed in 6 h fasted, unrestrained, conscious mice. Whole-body glucose flux was traced by infusion
of D-[3-3H]-glucose. After an 80-min basal sampling period, insulin administration was initiated with a 40 mU bolus followed by 4
mU/(kg min) (for mice on HFD) or 25 mU bolus followed by 2.5 mU/(kg min) (for NCD) continuous infusion. At 65 min prior to clamp
conclusion, [1-'4C]-2-deoxy-D-glucose was infused in a single bolus over 1 min. '*C-2-deoxy-D-glucose-6-phosphate (2DGP) tracer
enrichment was used to measure glucose uptake into specific tissues. Briefly, at the beginning of clamp period (i.e., once the steady
state was achieved) a bolus of 2DGP 2 was administered and at the end of the clamp whole anatomically defined tissues of interest
were harvested (heart, gonadal white fat, brown fat, EDL, soleus and gastrocnemius muscles, brain) and immediately frozen and
stored at —80°C until use. For the tracer enrichment analyses, care was taken to ensure that same regions of larger tissues (such
as heart, white and brown fat, brain gastrocnemius muscle) were included when not whole samples were used. Samples were sub-
jected to mechanical homogenization and lysis using 0.6 M perchloric acid, neutralized using 10 M KOH, then 2DGP was precipitated
using the Ba(OH),-ZnSO4 method (Ayala et al., 2006). The tissue-specific glucose clearance was quantitated by dividing tissue 2DGP
radioactivity by the integrated area of the plasma radioactivity and then normalized to a rate of glucose uptake by multiplying by the
average plasma glucose concentration during the decay period (Rg).

Glucose disappearance (Ry) and appearance (R,) were determined by employing a ®H labeled glucose tracer. The *H radioactivity
levels in plasma and infusate were determined by liquid scintillation counting. Plasma glucose concentrations were measured using a
glucose analyzer (Analox). These values were used for the calculation of Ry and R, as described (Ayala et al., 2006, 2010, 2011;
McGuinness et al., 2019). Ry and R, rates were calculated using Steele’s equations (Steele et al., 1956). Plasma insulin was measured
by chemiluminescence ELISA.

14c-2-Deoxy-Glucose (2DG) Incorporation into Glycogen and Glycogen Assay

2DG incorporation into glycogen was measured as previously described (Joost et al., 2012). Briefly, 0.2 - 0.4g liver or 0.5 - 1.0 g mus-
cle tissues were boiled in 3 mL of 30% KOH for 20 min. 2 mL of 100% EtOH was added to the tissue lysate (1 mL) and samples were
then incubated in overnight at 4°C. If less tissue was available, the volume of KOH used was adjusted. Samples were centrifuged at
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18,000 g for 30 min and precipitate was placed in boiling water for 10 min to evaporate remaining EtOH and then resuspended in 1 mL
of water at room temperature. Two mL of 100% EtOH were added, and then incubated on ice for 2 h followed by a 30 min centrifu-
gation, boiling off EtOH and placed in 1 mL of water. This process was repeated once more followed by the addition of 500 uL of water
to re-suspend the precipitant and radioactivity in a 500 mL sample was determined using liquid scintillation. Obtained dpm values
were then normalized to weight of tissue used (dpm/mg), then the Ry value for glucose incorporation into glycogen was calculated
in the same manner as described above for glucose incorporation into tissues.

Primary human hepatocytes (Axol Biosciences) were thawed and cultured per manufacturer’s protocol. Briefly, hepatocytes were
thawed at 37°C and seeded at approximately 1 million cells/6-well. Hepatocytes were grown to full confluency before starting sBE
exposure. Hepatocytes were washed twice with PBS (GIBCO), then serum and glucose starved for 2 h. After starvation, hepatocytes
were treated with glycogen synthesis medium containing DMEM low glucose supplemented with 10 nM insulin, 10 nM dexametha-
sone, and 2 mM L-glutamine for 6 h with or without sBE treatment. Hepatocytes were harvested and assessed for glycogen produc-
tion using a kit (Cayman No. 700480) per manufacturer’s instructions.

Glucose Tolerance Tests
Blood glucose was measured following a 6 h fast using a glucometer (Freestyle Lite) via tail vein. Mice were then intraperitoneally
injected with 2 g/kg glucose solution for GTT. Blood glucose was measured at 15 - 120 min post-injection.

Plasma and Serum Analysis

Mouse blood was collected via tail vein and left to sit at room temperature for 30 min for serum collection or combined with heparin or
EDTA (0.5 mM final) on ice for plasma extraction. Blood was spun at 400 g for 20 min at 4°C to separate serum or plasma. Plasma
insulin (Crystal Chem) levels were assessed following a 16 h fast via kits per manufacturer’s instructions.

Homeostatic Model Assessment of Insulin Resistance (HOMA-IR)
HOMA-IR index was calculated as follows: fasting insulin (mU/L) x fasting glucose (nmol/L)/22.5.

F>-lsoprostane Measurements
F,-Isoprostanes were measured in the Vanderbilt University Medical Center Eicosanoid Core Laboratory using gas chromatography-
mass spectrometry as previously described (Milne et al., 2007).

In Vitro ROS Measurements

HEPA1-6 (ATCC CRL-1830), were cultured in DMEM with 10% fetal bovine serum (FBS; GIBCO) at 37°C and 5% CO.. Cells were
seeded at approximately 300k cells/12 well. Steady-state levels of cellular H,O, production were measured using the horseradish
peroxidase-linked Amplex Red fluorometric assay (Cayman) per manufacturer’s instructions. Steady-state levels of intracellular
levels of O, ~ were measured using dihydroethidium and MitoSOX (Thermo Fisher) and fluorescence was recorded using a micro-
plate reader (Tecan).

In Vivo ROS Measurements

ROS was measured in vivo using the Carestream MS FX-Pro preclinical imaging system (Carestream Health; Rochester, NY). DHE
(5 mg/kg) was administered i.p. to mice two times separated by 12 h. Fluorescent images were captured 5 h after the second DHE
administration on four isoflurane anesthetized mice. Capture settings were: acquisition time: 30 s, ex: 520 nm, em: 600 nm filter and
overlayed with an X-ray image. Mice were euthanized and liver, kidney, and heart tissue were collected. Tissues were immediately
imaged using the same settings as for live imaging. Images were quantified by measuring the mean fluorescent intensity of each or-
gan (Fiji, Imaged) corrected for size and normalized to background fluorescence.

Tissue DHE Staining

Liver tissue from untreated HFD mice and 3-day sBE-treated HFD mice were frozen in Tissue-Teck OCT compound. OCT-frozen liver
tissues were cut into 8 uM sections. One control sample and one sBE exposed sample were cut and placed on the same slide. Tissue
sections were stained with 10 uM DHE in PBS + 5 mM pyruvate for 10 min prior to analysis by confocal microscopy (Olympus FLUO-
VIEW FV1000). For a positive control, tissue sample were co-treated with 10 uM antimycin A during DHE staining. Three images were
taken per sample and each image was quantified by measuring the mean fluorescent intensity of 300 cell nuclei (Fiji, Imaged), and
normalized to background fluorescence.

SOD Mimetics

GC4403 (Galera Therapeutics) and TEMPOL (Sigma) were intraperitoneally administered to mice at 10 mg/kg and 150 mg/kg,
respectively. Each drug was administered 15 min prior to the start of sBE exposure, then once per day for the remainder of the
three-day sBE exposure.
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Histology
Tissues were fixed in 4% paraformaldehyde for at least 24 h prior to paraffin embedding and sectioning (7 um). Sections were stained
with hematoxylin and eosin.

Transmission Electron Microscopy

Mouse tissues were harvested in Karnovsky’s Fixative (2.5% glutaraldehyde and 2% paraformaldehyde) overnight then underwent
fixation in sodium cacodylate buffer and light osmication (0.5% osmium tetroxide). Tissues were then dehydrated through an ethanol
series, embedded in resin and polymerized for 48 h. Ultrathin sections were cut and examined under a JEOL 1230 transmission elec-
tron microscope in the Central Microscopy Core Facility (University of lowa). Measurements of mitochondrial area and mitochondrial
number were made with the Multi Measure ROI tool of Imaged.

Echocardiography and Blood Pressure Measurements

Echocardiography on C57BL/6J mice was performed as previously described (Hill et al., 2000; Weiss et al., 2006). Briefly, mice were
sedated by 0.15 mg subcutaneous injection of midazolam. To improve the acoustic interface, the anterior chest of the mouse was
shaved and warmed gel was applied. Images were acquired at ~200 s™' using a 15 MHz linear-array transducer, coupled to a Sonos
5500R ultrasonograph. Parasternal long- and short-axis 2D images were obtained for analysis. Heart rate was assessed by pulse-
wave Doppler interrogation of mitral inflow. Blood pressure was measured via tail cuff using a BP-2000 system (Visitech Systems) in
control or 30-day sBE exposed HFD mice following a five-day acclimatization period and two-day rest period. Reported values repre-
sent blood pressure measurements averaged over the course of a five-day experimental period.

Metabolic Chambers

Mice were acclimatized for 24 h and then monitored in environmentally controlled Promethion or Comprehensive Laboratory Animal
Monitoring System (CLAMS) metabolic chambers. Each chamber is fitted with indirect calorimetry as well as monitors of food con-
sumption, locomotor activity, and gas exchange. Animals were monitored continuously for 72 h.

Plasmids and Viruses

Human SOD2 cDNA was amplified from a human cDNA liver library (Clontech 639307) and cloned into pFBAAV-mcs-BgHpA pro-
vided by The University of lowa Viral Vector Core. Next a chimeric liver specific promoter was created by fusing an albumin enhancer
with a minimal alphai antitrypsin promoter (Kramer et al., 2003). The liver-tropic recombinant adeno-associated virus, AAV2/8 was
packaged with GFP or SOD2 by The University of lowa Viral Vector Core. The final titers were 5.1 x 10" vg/mL and 4.2 x 103 vg/mL
for GFP and SOD2 viruses, respectively.

Insulin Stimulation and Tissue Collection

Insulin signaling was assessed in 10-day sBE exposed NCD and HFD mice following a 15 min intravenous stimulation with insulin or
vehicle (PBS). Briefly, mice were sedated and IV injected with insulin (1 mU/g weight) or a similar volume of vehicle. After 15 min of
circulation, mice were euthanized and liver, white adipose tissue, and gastrocnemius skeletal muscle were collected and flash frozen
in liquid nitrogen. Tissues were stored at —80°C until protein isolation.

Protein Extraction and Western Blotting

Mouse liver, white adipose and gastrocnemius skeletal muscle were lysed in homogenization buffer. Protein concentrations were
determined using the Bradford assay (Thermo Fisher) before separation by SDS-PAGE. Proteins were transferred to nitrocellulose
membranes (Li-Cor) and blocked for 10 min in blocking buffer (Li-Cor) diluted in TBST. Membranes were then incubated with Revert
stain (Li-Cor) per manufacturer’s instructions to quantitate total protein levels. Membranes were then incubated overnight with pri-
mary antibodies followed by a 60 min incubation at room temperature with fluorescently conjugated secondary antibodies (Li-Cor).
The following primary antibodies from Cell Signaling Technologies were used at a 1:1000 dilution: phosphorylated AKT (S473), phos-
phorylated GSK3b (S9) and GSK3b. The following primary antibodies from ProteinTech were used at a 1:1000 dilution: AKT, SOD1,
SOD2 and catalase. Fluorescent intensity was quantified using Image Studio (Li-Cor).

Nuclear Protein Isolation and Western Blotting

Liver nuclear protein fractions were isolated from 3 day sBE treated HFD mice using a modified version of the Verma et al. (2013)
protocol. Briefly, ~100 mg of liver were homogenized in 500 pL of hypotonic buffer (10 mM HEPES, pH 7.9, 1.5 mM MgCl,,
10 mM KClI, 0.2% NP40, 1 mM EDTA, 5% sucrose, 0.5 mM DTT, 1x cOmplete protease inhibitor from Roche, and 1x PhosSTOP
phosphatase inhibitor from Sigma-Aldrich). Liver homogenates were laid gently over a cushion buffer (10 mM Tris, pH 7.5, 15 mM
NaCl, 60 mM KCI, 1 mM EDTA, 10% sucrose) prior to centrifugation at 5000 rpm at 4°C for 10 min. The supernatant containing
the cytosolic fraction was removed. The nuclear pellet was washed with 1 mL of hypotonic buffer and centrifuged at 5000 rpm at
4°C for 5 min to remove cytoplasmic contaminants. The nuclear pellet was resuspended in 200 uL of a buffer containing 50 mM
Tris, pH 8.0, 1 mM EDTA, 15% glycerol, 500 mM NaCl, 1x protease inhibitor, and 1x phosphatase inhibitor. The nuclear solution
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was sonicated briefly while kept on an ice slurry and then incubated at 4°C for 30 min with rotation. For every 100 pL of nuclear so-
lution, 25 U of benzonase (Millipore/Novagen) was added and incubated at 4°C for 60 min to remove genomic DNA contaminants.
Genomic DNA contaminants were pelleted by centrifugation at 7800 rpm at 4°C for 10 min. Supernatant was collected and protein
concentration was determined by Bradford protein assay. The following primary antibodies were used: NRF2 (1:500, Proteintech)
and H3 (1:2000, Abcam). Fluorescent intensity was quantified using Image Studio (Li-Cor).

Redox Measurements

Preparation of samples for HPLC measurement and HPLC methodologies were performed as outlined previously (Jones et al., 2000). In
brief, cysteine, cystine, GSH and GSSG were assayed by HPLC as S-carboxymethyl and N-dansyl derivatives using gamma-Glu-Glu as
aninternal standard. Concentrations were determined via quantification of the internal standard and for redox measurements, they were
used in the Nernst equation (E, — RT/nF In [reduced]?/[oxidized]) to yield a half-cell reduction potential (Ey,) for the couple, where E, is the
standard half-cell reduction potential for the redox couple, R is the gas constant, T is the absolute temperature, n is 2 for the number of
electrons transferred, and F is Faraday’s constant. pH was estimated as 7.4, thus the E, = —264 mV for GSSG/2GSH and —250 mV for
CySS/2Cys (Schafer and Buettner, 2001). Redox states in tissues samples were measured by collecting samples in 5% perchloric acid
containing 10 pM gamma-Glu-Glu and homogenized. Samples were centrifuged to collect precipitated proteins and the supernatant
was derivatized for HPLC. Proteins concentrations were measured via the BCA assay and were used to estimate cellular volume for
GSH, GSSG, Cys and CySS quantification as described elsewhere (Kirlin et al., 1999). For quantification of redox sensitive, post-trans-
lational modifications of proteins, S-glutathionylation and S-cysteinylation were measured from plasma/tissue proteins collected during
PCA precipitation. In brief, samples were centrifuged and the obtained proteins pellets were then washed with ice-cold perchloric acid.
Samples were then resuspended in 0.50 mL of 0.1 M NaOH after which 0.25 mL were transferred to a new tube containing 0.25mL 0.1 M
phosphate buffer (pH 6.0) with 5 mM dithiothreitol. Samples were incubated for 30 min at room temperature. To reprecipitate the pro-
teins, 0.50 mL of 10% perchloric acid/boric acid (with 10 uM gamma-Glu-Glu) was added. After centrifugation, supernatants were de-
rivatized for HPLC analysis. Data are presented as nmol GSH/mg protein and nmol Cys/mg protein.

GSH/GSSG Redox Infusions

Infusates of GSSG + GSH having a specific half-cell reduction potential for the GSH/GSSG couple were prepared in PBS containing
0.1% BSA (vehicle). Concentrations of GSSG and GSH were varied to achieve a more reducing GSH/GSSG redox potential of
approximately —170 mV or a more oxidizing GSH/GSSG redox potential of approximately —80 mV. These solutions were infused
into the jugular vein at the rate of 3 ulL/min into HFD mice that were subjected to euglycemic hyperinsulinemic clamp with vehicle
infusion only. GSH/GSSG infusions were started following successful clamping and were re-clamped after approximately 60 -
70 min. Glucose infusion rates for both the first and second steps of the clamp were used to evaluate the effects of each GSH/
GSSG half-cell reduction redox potential on insulin sensitivity.

Activity Assays
For all enzymatic activity assays, liver tissue was homogenized in 50 mM potassium phosphate buffer, pH 7.8, containing 1.34 mM DE-
TAPAC. Protein concentrations were determined by Lowry assay.

SOD activity was measured by the Spitz and Oberley method using whole homogenates prepared from tissue as previously
described (Spitz and Oberley, 1989). Catalase activity was assessed by UV spectroscopy as previously described (Aebi, 1984). Briefly,
500 pL of a 30 mM H,0, stock was added to samples and the loss of absorbance at 240 nm at 25°C was monitored on a Beckman DU-
600 UV-Vis spectrophotometer (Beckman-Coulter). Activities were calculated by fitting data to the first order kinetics. Glutathione
reductase activity was assessed by measuring the disappearance of NADPH as previously described (Ray and Prescott, 1975). Briefly,
whole liver lysate was added to a solution containing 70 mM potassium phosphate buffer, pH 7.6, with 2.4 mM EDTA, 0.1% BSA, 94 uM
NADPH, and 1 mm GSSG and the loss of absorbance at 340 nM at 25°C was assessed using UV-Vis spectroscopy. Thioredoxin reduc-
tase activity was measured by using a kit (Sigma CS0170) per manufacturer’s instructions. Glucose-6-phosphate dehydrogenase ac-
tivity was measured using the Glock and McLean method (Glock and MclLean, 1953). Briefly, whole liver homogenate was added to a
solution containing 75 mM Tris, pH 8.0, with 0.75 mM MgCl,, 1.5 mM NADP™, and 1.2 mM glucose 6-phosphate (G6P). Activity was
determined by the rate of NADPH formation at 340 nm. To ensure the specificity of glucose-6-phosphate dehydrogenase activity mea-
surement, homogenates were additionally run in the presence of 1.2 mM 6-phosphogluconic acid, with and without G6P.

QUANTIFICATION AND STATISTICAL ANALYSIS

Statistical Information

Mice were randomly assigned to groups and were age and body-weight matched. No power analysis was performed to determine
sample size. The sample size in each study was based on experience with previous glycemic studies in mouse models. Experi-
menters were blinded to the treatment groups for the following studies: euglycemic hyperinsulinemic clamps, glycogen analysis,
DHE analysis, TEM analysis, histopathological analysis, echochardiography, blood pressure measurements, protein assays, redox
measurements and isoprostane measurements. Data were tested for normality and variance before subsequent analyses by several
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statistical tests. Data with normal distribution and equal variance were analyzed using two-tailed, unpaired Student’s t tests. Multiple
t tests were corrected for multiple comparisons by the Holm-Sidak method. Paired data were analyzed by paired t tests. Data with
more than two groups were analyzed by one-way or two-way ANOVA with Dunnett’s correction or Tukey’s post hoc analysis. The
above statistical tests were performed using Prism 8 version 8.3.1. Repeated-measures were analyzed using a mixed effects model
using the R package Ime4 (version 1.1.21) to allow for biological replicates and p value computed using ImerTest (version 3.1.0.). p
values are indicated and data are shown as mean + SEM unless otherwise noted.
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Figure S1
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Figure S1. Related to Figure 1. The glycemic effects of sBE require both B and E fields and treatment remains
effective after long-term exposure.
(A) GTT and FBG shown as timepoint 0 min (leff) and AUC (right) for HFD mice exposed to static magnetic fields (sB),
static electric fields (sE), and combined static magnetic and electric fields (sBE) for 25 days (n = 7 mice/group).
(B) Timeline showing when FBG measurements were taken in HFD mice after long-term sBE exposure for 22 weeks and
after withdrawal of sBE exposure for 1 week.
(C) Relative FBG in control and sBE exposed HFD mice after 22 weeks of sBE exposure (FBG 1) and after withdrawal of
sBE exposure for 1 week (FBG 2) (n = 7 mice/group).
(D) Timeline depicting the paired experimental design in db/db mice. GTTs were performed: prior to sBE exposure (GTT 1),
after 16 days of sBE exposure (GTT 2), and after withdrawal of sBE exposure for 4 days (GTT 3).
(E) GTT and FBG shown as timepoint 0 min (/eft) and AUC (right) for the paired study described in (D) (db/db, n = 7 males
and 7 females).
Data presented as mean + SEM. Data panel (A) analyzed by one-way ANOVA with Dunnett's correction for multiple
comparisons. Data panel (C) analyzed by two-tailed, unpaired t-test. Data panel (E) analyzed by two-tailed, paired t-test.
ns = not significant, *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001.
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Figure S2. Related to Figures 2 and 3. sBE exposure improves insulin effectiveness in the liver without activating
insulin signaling intermediates.

(A) Schematic of euglycemic-hyperinsulinemic clamping procedure.

(B) 6 h fasting plasma insulin levels in NCD mice exposed to 30 days of continuous sBE (n = 7 mice/group).

(C) 6 h fasting plasma insulin levels in HFD mice exposed to sBE continuously (24 h/day) for 30 days, continuously (24
h/day) for 3 days, or for 7 h/day for a total of 3 days (n = 7 mice/group).

(D-L) Protein expression of pAKT and pGSK3p assessed in NCD and HFD mice exposed to sBE for 10 days and infused
with PBS (Veh) or insulin (INS) for 15 minutes before tissue collection (n = 5 - 6 mice/group).

(D) Representative images of Western blots in liver.



(E) Quantification of phosphorylated AKT (pAKT) to total AKT (tAKT) levels in liver.

(F) Quantification of phosphorylated GSK3B (pGSK3p) to total GSK3B (tGSK3p) levels in liver.

(G) Representative images of Western blots in white adipose tissue (WAT).

(H) Quantification of phosphorylated AKT (pAKT) to total AKT (tAKT) levels in WAT.

(I) Quantification of phosphorylated GSK3 (pGSK3p) to total GSK3B (tGSK3p) levels in WAT.

(J) Representative images of Western blots in skeletal muscle.

(K) Quantification of phosphorylated AKT (pAKT) to total AKT (tAKT) levels in skeletal muscle.

(L) Quantification of phosphorylated GSK3B (pGSK3p) to total GSK3B (tGSK3p) levels in skeletal muscle.
Data presented as mean + SEM. Data analyzed by two-tailed, unpaired t-test. *P < 0.05.
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Figure S3. Related to Figures 2 and 3. sBE exposure does not cause adverse effects.

(A) Representative H&E images of NCD and HFD mouse tissues after sBE exposure for 30 days (n = 8 mice/group). Scale
bar, 200 um. Abbreviations: WAT white adipose tissue, BAT brown adipose tissue.

(B-D) Urine glucose shown as fold change (FC) for (B) NCD, (C) db/db, and (D) HFD mice (n = 5 mice/group).

(E) Metabolic parameters measured by Promethion chambers in NCD mice (top-bottom): weight, mean rate of food intake
presented as kilocalories calculated from average grams of food consumed daily (standard chow, 3.1 kcal/g), energy
expenditure (EE), respiratory quotient (RQ) calculated from volume of carbon dioxide produced over volume of oxygen
consumed, and total activity (meters) (n = 8 mice/group).

(F) Metabolic parameters measured by CLAMS chambers in db/db mice (top-bottom): weight, mean rate of food intake in
kcal (standard chow, 3.1 kcal/g), EE, RQ, and total activity presented as number of beam breaks in the X and Y coordinates
(X+Y) (n = 8 mice/group).

(G) Metabolic parameters measured by Promethion chambers in HFD mice (top-botfom): weight, mean rate of food intake
in kcal (60% fat chow, 5.2 kcal/g), EE, RQ, and total activity (meters) (n = 8 mice/group).

(H-I) Transmission electron microscopy imaging of HFD mouse liver after sBE exposure for 30 days (n = 4 mice/group). (H)

Representative TEM images. Scale bar, 2 ym. (I) Quantification of mitochondrial number in a 1 pm2 area and size.
Data presented as mean + SEM. Data analyzed by two-tailed, unpaired t-test. *P < 0.05.



Table S1

Parameters CTRL (n =8) sBE (n= 8) p-value
LV Thickness (mm) 0.85+0.09 0.85+0.06 0.93
HR (bpm) 650 + 55 690 + 25 0.08
EDV (pL) 221+3.8 21634 0.79
ESV (uL) 34+1.0 36+1.0 0.73

LV Mass (mg) 80 + 11 89+9 0.08
Vol/mass 0.28 £ 0.07 0.24 £ 0.04 0.16
SV (pL) 18.7+3.8 18.0+3.3 0.71
CO (mL/min) 12122 124 +21 0.77
EF (%) 0.84 £ 0.05 0.83+0.05 0.67
Blood Pressure Parameters CTRL(n=11) sBE(n=11) p-value
Systolic (mmHgQ) 115+ 2 119+ 3 0.25
Diastolic (mmHg) 63+3 64 +3 0.85
HR (bpm) 599+ 17 612+ 10 0.51

Table S1. Related to Figures 2 and 3. sBE exposure does not alter cardiovascular parameters.

Echocardiography parameters for NCD mice exposed to sBE for 45 days and blood pressure parameters for HFD mice
exposed to sBE for 30 days. Data presented as mean + SEM. Data analyzed by two-tailed, unpaired t-test. Abbreviations:
LV left ventricle, HR heartrate, EDV end diastolic volume, ESV end systolic volume, Vol volume, SV stroke volume, CO

cardiac output, EF ejection fraction.
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Figure S4. Related to Figure 4. sBE induces redox changes without changing redox related enzyme function.

(A, B) Plasma collected from 3 day sBE-exposed HFD mice (HFD, n = 13 mice; HFD+sBE, n = 12 mice) and assessed for
(A) concentration of cystine (CySS) and cysteine (Cys); (B) half-cell reduction potential of Cys.

(C) Livers were collected from 3 day sBE-exposed HFD mice and assessed for protein glutathionylation (PrSSG) and protein
cysteinylation (PrCySS) (HFD, n = 13 mice; HFD+sBE, n = 12 mice).

(D-F) HFD mice were exposed to sBE for 3 days and assessed for redox related liver enzyme function.

(D) Liver glutathione reductase (GR) activity (n = 6 mice/group).

(E) Liver thioredoxin reductase (TRR) (n = 6 mice/group).

(F) Liver glucose-6-phosphate dehydrogenase (G6PD) activity (n = 6 mice/group).

Data presented as mean + SEM. Data analyzed by two-tailed, unpaired Student’s t-test.
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Figure S5. Related to Figure 5. sBE alters reactive oxygen species (ROS).

(A) Normalized mean fluorescent intensity (MFI) of dihydroethidium (DHE), MitoSox (Mito), and Amplex Red (Amplex) in
Hepa1-6 cells exposed to 0.5 mT sBE (n = 4 biological replicates/group).

(B) Representative images of ex vivo liver, kidney, heart DHE oxidation from HFD mice injected with DHE for in vivo
imaging. These images of liver, kidney, and heart correlate with the bar graph shown in Figure 5B.

Data presented as mean + SEM. Data analyzed by two-tailed, unpaired Student’s t-test.



Figure S6
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Figure S6. Related to Figure 6. Scavenging superoxide attenuates the insulin sensitizing effects of sBE exposure.
(A-C) Euglycemic-hyperinsulinemic clamps were performed after a 6 h fast on HFD mice exposed concurrently to sBE for
3 days and a pharmacological superoxide dismutase mimetic, GC or TEMPOL (n = 6 mice/group).

(A) Insulin levels.

(B) Rate of glucose appearance (R,).

(C) 14C-2-deoxyg|ucose tissue uptake.

(D-F) Euglycemic-hyperinsulinemic clamps were performed after a 6 h fast on HFD mice overexpressing liver-specific
superoxide dismutase (AAV-SOD) or control green fluorescent protein (AAV-GFP) after 3 days of sBE exposure (AAV-GFP,
n = 4 mice; AAV-SOD, n = 5 mice; AAV-GFP+sBE, n = 8 mice; AAV-SOD+sBE, n = 9 mice).

(D) Insulin levels.

(E) Rate of glucose appearance (R,).

(F) 14C-2-deoxyg|ucose tissue uptake.
Data presented as mean + SEM. Data analyzed by two-way ANOVA with Sidak’s multiple comparisons. *P < 0.05, ***P <
0.001.
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