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a-lipoic acid (LA) is an essential cofactor for mitochondrial dehydrogenases and is
required for cell growth, metabolic fuel production, and antioxidant defense. In vitro,
LA binds copper (Cu) with high affinity and as an endogenous membrane permeable
metabolite could be advantageous in mitigating the consequences of Cu overload in
human diseases. We tested this hypothesis in 3T3-L1 preadipocytes with inactivated Cu
transporter Atp7a; these cells accumulate Cu and show morphologic changes and mito-
chondria impairment. Treatment with LA corrected the morphology of Azp7a™ cells
similar to the Cu chelator bathocuproinedisulfonate (BCS) and improved mitochondria
function; however, the mechanisms of LA and BCS action were different. Unlike BCS,
LA did not decrease intracellular Cu but instead increased selenium levels that were low
in Atp7a”" cells. Proteome analysis confirmed distinct cell responses to these compounds
and identified upregulation of selenoproteins as the major effect of LA on preadipocytes.
Upregulation of selenoproteins was associated with an improved GSH:GSSG ratio in
cellular compartments, which was lowered by elevated Cu, and reversal of protein oxi-
dation. Thus, LA diminishes toxic effects of elevated Cu by improving cellular redox
environment. We also show that selenium levels are decreased in tissues of a Wilson
disease animal model, especially in the liver, making LA an attractive candidate for
supplemental treatment of this disease.
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Cu is an essential cofactor of enzymes participating in numerous biological processes
ranging from cellular respiration to biosynthesis of neuromediators (1-4). Cu deficiency,
observed in Menkes disease (MNK), is associated with lower activity of Cu-dependent
enzymes, numerous metabolic abnormalities, and early death (4-8). MNK is caused by
genetic mutations in ATP-driven Cu(l) transporter ATP7A. Inactivation of ATP7A results
in the entrapment of dietary Cu in enterocytes, impaired Cu export from the intestine to
the rest of the body, and systemic Cu deficit. Despite Cu deficiency, MNK patients exhibit
paradoxical Cu accumulation in kidneys (9, 10), which worsens with Cu supplementation
therapy and complicates patients’ treatment. In another disorder of Cu homeostasis,
Wilson disease (WD), mutations in the Cu(I) transporter ATP7B disrupt Cu export from
the liver, disabling the major route of Cu removal from the body. WD patients suffer from
Cu accumulation in tissues, especially in the liver and the brain, which causes oxidative
stress, mitochondrial and metabolic dysfunction, and hepatic, neurologic, and behavioral
pathologies (8, 11-14). WD is managed using Cu chelation therapy, supportive treatment
with zinc salts, and low-Cu diets (4, 5, 11). The most frequently used Cu-chelators
D-penicillamine (PA) and trientine (TR) (12, 15), while beneficial, have very slow response
times and side effects, including neurological worsening (12, 16-18). Thiomolybdate salts
have milder side effects and a faster response time (30 d), but their long-term safety and
efficiency are still being investigated (15, 19, 20).

The need for safe and fast means of diminishing Cu toxicity stimulates search for new
alternatives. A recent in vitro study found that alpha-lipoic acid (LA) binds Cu(l) ions
with higher affinity than PA and TR (21). Lipoic acid, also known as thioctic acid, is an
endogenously produced short fatty acid. It contains two sulthydryl groups that can par-
ticipate in redox reactions and also bind Cu(I) ions (21-24). LA is synthesized de novo
from octanoic acid in mitochondria and serves as a cofactor for at least five dehydrogenase
complexes (24-26). LA is already used for the treatment of diabetic neuropathy and is
available as a dietary supplement (24, 27). Significantly, LA can pass through the blood-
brain barrier—in contrast to PA or TR (27, 28). Consequently, we tested whether LA has
beneficial effects in a cellular model of Cu overload and investigated the mechanisms of
LA action and relevance of our findings to WD.
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Significance

Copper is an essential biometal;
however, Cu overload causes
oxidative stress and debilitating
pathologies, such as Wilson
disease (WD). Renal Cu toxicity is
observed in Menkes disease, and
changing copper levels are seen
in other neurologic disorders and
aging. Copper chelators provide
health benefits but have
shortcomings, including limited
permeability through brain
barriers. We demonstrate that a
natural metabolite—a-lipoic acid
(LA)—decreases Cu toxicity
similarly to chelation but acts
through a different mechanism.
While Cu chelators limit available
Cu, LA boosts antioxidant defense
by increasing levels of selenium
and selenoproteins. Our finding
that selenium is low in tissues of
the WD animal model suggests
that LA may have therapeutic
value for WD, especially given its
favorable safety profile.
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Results

Elevated Cu Induces Morphological Changes in Atp7a™~ 3T3-L1
Cells. To determine whether LA ameliorates consequences of Cu
overload, we used Atp7a_/_-3T3-Ll cells (29), further referred to as
KO. These cells lack Cu-transporter Atp7a and thus are unable to
export Cu, which causes intracellular Cu accumulation (S7 Appendix,
Fig. S1 A-F). Nondifferentiated cells were used because LA inhibits
differentiation of adipocytes (30-32). The obvious difference
between control and KO cells is their morphology. Nondifferentiated
3T3-L1 preadipocytes can be either elongated or flattened (Fig. 14),
whereas KO cells are uniformly flattened and enlarged (Fig. 1B).
Treatment with the Cu chelator BCS linked these morphological
changes to cellular Cu content. Short-term treatment (24 to 48
h) did not significantly change cellular Cu and did not affect KO
morphology (Fig. 1 C-F and SI Appendix, Fig. S2 and Table S1).
After 10 d of treatment, Cu levels decreased significantly and were
closer to that of WT (4.03 + 0.86 fg Cu/cell and 3.14 + 0.49 fg Cu/
cell, respectively, Fig. 1 Cand G) Similarly, the fraction of flattened
KO cells decreased to 61.3 + 4.0 % and was close to that of WT
(51.9% = 9%, Fig. 1D and SI Appendix, Fig. S2 and Table S1). By
day 17, Cu levels in the BCS-treated KO cells returned to nontreated
WT levels and, morphologically, KO cells were indistinguishable
from WT (Fig. 1 D and Eand S/ Appendix, Fig. S2). The majority of
nontreated KO cells (87.1 + 3.0%) remained enlarged and flattened
(Fig. 1 D-G and SI Appendix, Fig. S2 and Table S1). The need for
a long treatment time can be ascribed to BCS being membrane
impermeable and only limiting Cu entry into cell, instead of
sequestering intracellular Cu or facilitating Cu efflux.
Lipoic Acid Corrects Atp7a™'~ Cell Morphology without Changing
Cellular Cu Content. Treatment with LA, which is membrane
permeable, did not improve cell morphology after 24- or 48-h
treatment (Fig. 1 D and Fand SI Appendix, Fig. S2 and Table S1).
However, after 10 d, about 60% of cells treated with 5 pM LA
were no longer enlarged (Fig. 1D and SI Appendix, Fig. S2 and
Table S1) similarly to BCS-treated cells. After 17 d of treatment
with either 5 uM or 25 uM LA, KO cells looked like WT (Fig. 1
D and E and SI Appendix, Fig. S2 and Table S1). Morphometric
analysis confirmed that the decrease in cell area accompanied
changes in cell shape (Fig. 1 F and G) and occurred at all LA
concentrations (S/ Appendix, Fig. S2). As the major changes in
KO cell phenotype require 10 d of treatment with either reagent,
most of the further analyses were completed at this time point.
While LA corrects morphology of KO cells at concentrations
and with kinetics similar to BCS, further studies found marked
differences in the BCS and LA mechanisms of action. In contrast
to BCS, LA did not decrease cellular Cu content at all tested LA
concentrations (Fig. 24 and ST Appendix, Fig. S3 A and B). To
determine whether LA chelates Cu intracellularly, we examined the
effect of LA on localization of Atp7a in WT cells. Atp7a localization
is sensitive to cytosolic Cu levels: under low Cu, Atp7a is targeted
to the #rans-Golgi network (TGN), whereas elevated Cu triggers
Atp7a trafficking from the TGN to vesicles (33, 34). In BCS-treated
3T3-L1 cells, Atp7a had expected perinuclear localization, consist-
ent with the TGN targeting (Fig. 2B and S/ Appendix, Fig. S4). In
contrast, in cells treated with LA, Atp7a localized to vesicles (Fig. 2B
and SI Appendix, Fig. S4), resembling the Atp7a response to Cu
elevation (SI Appendix, Fig. S4). This result argued against LA
chelating Cu and limiting its availability. To verify this conclusion,
we characterized Cu speciation in cells using size-exclusion chro-
matography coupled to inductively coupled plasma mass spectrom-
etry (ICP-MS). Analysis of homogenates of Atp7¢f/’ cells treated
with or without LA demonstrated that, as expected, LA did not

https://doi.org/10.1073/pnas.2305961120

decrease Cu content in Azp7a” cells and that the vast majority of
excess copper was in a protein-containing fraction and not in the
low-molecular-weight fraction (Fig. 2 C and D and SI Appendix,
Fig. S5).

We also considered the possibility that LA limits Cu availability
in the cytosol by redistributing Cu to other compartments. To
examine this possibility, we took advantage of the fact that the
expression of cytosolic Cu(l)-binding proteins, metallothioneins
MT-1 and MT-2, is up-regulated by elevated cytosolic Cu (34—
38). Indeed, the Mr-1 and Mr2 mRNA levels were higher in KO
cells compared to WT (Fig. 2E and SI Appendix, Fig. S6).
Treatment with BCS for 10 d, which lowered Cu content (Fig. 24),
decreased the Mz 7 mRNA levels, whereas treatment with LA did
not (Fig. 2 Fand G). Upregulation of M#-2 mRNA was decreased
by LA treatment but remained higher than the WT levels
(SI Appendix, Fig. S6), providing evidence for differences in Mt-1
and Mt-2 regulation, previously reported for Zn (39). Taken
together, the data provided compelling evidence that LA improves
Ap7a”" cells’ phenotype by mechanisms other than limiting Cu
availability. If LA does not chelate or redistribute Cu, then how
does LA ameliorate Cu effects?

LA Increases Abundance of Selenoproteins. To better understand
how LA affects KO cells, we compared changes in proteomes of
KO cells treated with 10 uM BCS or 5 pM LA for 10 d using
tandem mass tag (TMT) labeling and mass spectrometry. In
nontreated KO cells, 167 proteins were up-regulated and 191
down-regulated (fold change log, > 0.5, P-value 0.05; ST Appendix,
Fig. S7A) compared to WT; these proteins participate in
cellular metabolism, signaling, cell adhesion, and morphology
(SI Appendix, Table S2). BCS treatment significantly changed
proteins involved in metals metabolism and transport: Mt-1,
Zn transporter Slc30al, and Cu transporter Slc31a2 (Cer2) were
down-regulated, and Cu chaperone for superoxide dismutase (Ccs)
was up-regulated (Fig. 34 and ST Appendix, Fig. S8 and Tables S3
and S4) in agreement with the decrease in cellular Cu content.
Cellular response to LA was completely different. The most
significant change in the LA-treated KO cells (both fold change
and p-value) was upregulation of selenoproteins. Out of 13 sele-
noproteins detected in our mass-spectrometry dataset, eight
showed increased abundance after treatment with LA, including
glutathione peroxidase 1 (Gpx1), phospholipid hydroperoxide
glutathione peroxidase also known as glutathione peroxidase 4
(Gpx4), selenoprotein H (SelenoH), selenoprotein N (SelenoN),
selenoprotein S (SelenoS), selenoprotein T (SelenoT), and seleno-
protein W (SelenoW) (Fig. 3B and SI Appendix, Table S3). We
verified the LA-dependent increase in selenoproteins by performing
size-exclusion ICP-MS, which demonstrated not only a significant
increase in the Se levels but also a predominant association of Se
with the high-molecular-weight (protein) fraction (Fig. 3 C and
D). In WT cells, treatment with LA also increased the abundance
of selenoproteins Gpx1, SelenoH, SelenoW, and selenoprotein N

(SelenoN) (S Appendix, Fig. S7B).

LA Specifically Increases Cellular Selenium. To determine whether
LA regulates expression of selenoproteins at the transcriptional
level, we performed RT-qPCR analysis of mRNA levels and did not
find a strong correlation between the levels of selenoproteins and
their respective mRNA with or without LA treatment (Fig. 3 £'and
Fand SI Appendix, Fig. §9). For most selenoprotein transcripts, the
increase after LA treatment was either small (1.1 to 1.3 fold) or not
observed, suggesting that the LA-induced increase of selenoproteins
abundance is largely posttranscriptional. Cellular selenium levels
are critical for selenoprotein synthesis because selenium should
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a-lipoic acid reverses Cu-dependent changes in cell morphology of Atp7a-deficient preadipocytes. (A) Fibrillar morphology of WT preadipocytes and (B)

flattened phenotype of KO cells; changes in nuclei size are indicated with arrows in the zoomed upper-right corner of the panel (scale bar, 300 um). (C) Cellular
Cu content in KO preadipocytes is decreasing during treatment with 10 uM BCS. (D) The number of flattened KO cells is decreasing during treatment with
10 uM BCS (blue) and 5 uM LA (orange) compared to nontreated conditions (dark-red). (F) Morphological changes in KO preadipocytes after 17 d of treatment
with 10 uM BCS or 5 uM LA compared to the WT cell line visualized with immunostaining. Magenta a-tubulin, orange Atp7a (scale bar, 50 um). Changes in cell area
after 24 h (F) and 17 d (G) of treatment with BCS or LA. Each dot corresponds to an individual cell. The black line represents the median cell area. Cell areas were
determined using Image] software. For panels (C, F, and G): comparison to nontreated WT cells designated with asterisks (*); comparison with the nontreated

KO cells designated with sharp (#); *, # P-value < 0.05; ***, ### P-value < 0.001.

be available for incorporation into selenocysteine. As a result,
abundance of selenoproteins often correlates with the cellular
selenium content (40—43). We hypothesized that Se availability is
low in the KO cells and that LA increases Se levels and selenoprotein
synthesis. ICP-MS analysis confirmed that intracellular Se in KO
cells was significantly lower than in WT cells (0.53 + 0.03 fg/cell

PNAS 2023 Vol.120 No.40 e2305961120

and 0.89 + 0.09 fg/cell, respectively, Fig. 3G). BCS did not change
Se content in either WT or in KO cells in agreement with the data
on selenoprotein abundance (Fig. 3 A and £-G and SI Appendix,
Fig. S9 and Table S3). In contrast, LA increased Se levels in both
WT and KO cells in a dose-dependent manner. In KO cells treated
with higher concentrations of LA (25 and 100 uM), Se content
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Fig.2. LAdoes notalter cellular Cu content and causes relocalization of Atp7a in 3T3-L1 cells. (A) Cu content in WT and KO preadipocytes after 10 d of treatment
with 10 uM BCS or different concentrations of LA. (B) Localization of Atp7a in 3T3-L1 WT cells after 10 d of treatment with 10 uM BCS or 5 uM LA. Orange Atp7a,
cyan GM-130 (scale bar, 10 um). Differences in the localization pattern of Atp7a and GM-130 are shown in white squares. Colocalization of Atp7a and GM-130 is
quantified using Image) and visualized in GraphPad Prism. (C) Average chromatogram (n = 3 per group) of ®*Cu species in cell lysates of 3T3-L1 KO preadipocytes
after 10 d of treatment with different concentrations of LA and (D) quantification of total ®*Cu peak areas normalized by "**Cs signal and protein content (mean
+ SD, n = 3). Nontreated WT and KO cells were used as respective controls. Vertical blue dashed lines (120.8 s and 186 s) indicate the retention time of high-
and low-molecular-weight species (HMW and LMW, correspondingly) based on retention time of CuHSA (M = 66 kDa) and Cu-EDTA (Mw 355.8 Da), respectively
(SI Appendix, Fig. S5). (E) Relative expression of Mt-7in WT and KO preadipocytes on day 0 (n = 5), (F) after 48 h (n =4), and (G) after 10 d (n=3) of treatment with
BCS or LA. For panels (A, D, E, and G): P-values for WT cells shown with asterisks (*) and for KO cells with sharp (#); * - P-value < 0.05; ## - P-value < 0.01; **%,
### - P-value < 0.001; **** - P-value < 0.0001.

(0.82 +0.04 fg/cell and 0.98 + 0.05 fg/cell, Fig. 3G) became similar 10 d of treatment. Fe levels were unchanged by Cu accumulation,
to that in nontreated WT cells (0.89 + 0.09 fg/cell, Fig. 3G). and neither LA nor BCS altered Fe content in either WT or KO

To test whether the effect of LA was specific to Se, we measured  cells (S Appendix, Figs. S10 A and B and S11A). Zn was approxi-
Fe, Zn, and Mn in control and KO cell lines after 24 h, 48 h,and ~ mately 25% higher in KO cells compared to WT (SI Appendix,
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Fig. 3. LA up-regulates selenoproteins and increases cellular Se content. (A) Volcano plot comparing proteome of KO cells treated with 10 uM BCS for 10 d to
nontreated KO cells and (B) KO cells treated with 5 uM LA for 10 d to nontreated KO cells. (C) Average chromatogram (n = 3 per group) of "8Se species in cell lysates
of KO preadipocytes after 10 d of treatment with different concentrations of LA and (D) quantification of total ®Se peak areas normalized by '**Cs signal and
by protein content (data present as mean + SD, n = 3). Nontreated WT and KO cells are used as controls. Vertical dashed lines (120.8 s and 186 s) demonstrate
retention time of high- and low-molecular-weight species (HMW and LMW, correspondingly) based on retention time of CuHSA (Mw = 66 kDa) and Cu-EDTA
(Mw 355.8 Da), correspondingly (S/ Appendix, Fig. S5). (E) Relative abundances of all selenoproteins identified by TMT labeling mass spectrometry in WT and KO
preadipocytes after 10 d of treatment with 10 uM BCS or 5 uM LA (n = 3). The horizontal dashed lines at 1.4 (purple) and 0.7 (dark-green) indicate cutoff values
for significant changes in protein abundance (upregulation and downregulation, correspondingly). (F) The mRNA for selenoproteins in KO cells relative to WT
without treatment and after 10 d of treatment with 10 uM BCS or 5 uM LA (n = 3). For more details, see S/ Appendix, Figs. S9 and S10. (G) Selenium content in
WT and KO preadipocytes after 10 d of treatment with 10 pM BCS or different concentrations of LA. (H) Cu and Se content in the liver and brain tissue of 4- and
20-wk-old WT and Atp7b™" mice; the two-tailed t-test was used for pairwise statistical analysis. For panels (D-G): comparison to nontreated WT cells is indicated
with asterisks (*) and comparison with nontreated KO cells with sharp (#). For panels (F-/): *, # - P-value < 0.05; **, ## - P-value < 0.01; ***, ### - P-value <
0.001; ****, #### - P-value < 0.0001.

Figs. S10 C and D and S11B), similar to findings in the mouse
model of Wilson disease (44). BCS returned Zn levels to that of WT
after 10 d of treatment (87 Appendix, Fig. S11B), whereas LA did
not (87 Appendix, Figs. S10D and S11B). Mn levels were signifi-
cantly higher in KO cells compared to WT (S Appendix, Figs. S10
Eand Fand S110). After 10 d of treatment with either BCS or LA,

Mn returned to the WT levels (S Appendix, Figs. S10 E and Fand
S11C). Thus, increase in Se is specific to LA, whereas the effect on
Mn is not.

Atp7b "~ Mice Have Decreased Selenium Content in The Liver and
The Brain. 3T3-L1 Asp7a”" is a fibroblast model of Cu overload,
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and whether Cu excess impacts Se content in vivo was unclear.
To answer this quest[on we measured Se content in the liver and
brain samples of Azp7b mice, an animal model of Wilson disease
(45), whlch accumulate Cu in tissues. In presymptomatic 4-wk-
old Azp7b™"~ mice, hepatic Se was not altered compared to the age-
matched WT, even though Cu was elevated (Fig. 3H). At 20 wk,
Atp7[7 mice accumulated approximately three times more Cu
in their livers compared to younger animals and had significantly
decreased Se (Fig. 3H). A similar pattern was seen in the brain
(Fig. 31). In the heart, Se was markedly decreased even though
Cu levels were comparable to WT (S Appendix, Fig. S124). Se
content in the A7 kidneys was not changed comparing to
WT despite significantly elevated Cu (57 Appmdzx, Flg S12B).

To determine whether low hepatic Se in A76”~ mice reflects
low levels of selenoproteins or their transcripts (or both), we took
advantage of RNA sequencing and proteomics data for 20-wk-old
A§D7b mice that we generated previously (46, 47). These data
demonstrated that out of 12 selenoproteins identified in the liver
proteome, six showed significant downregulation (>1.5 fold,
P-value < 0.05, SI Appendix, Table S5). This decrease was not due
to the decreases in the selenoprotein transcripts: we detected
mRNA for 20 out 25 selenoproteins, and most were either not
changed or modestly up-regulated (87 Appendix, Table S5). Taken
together, these results demonstrate that WD mice with a devel-
oped liver pathology, similarly to Az 7z cells, have dysregulated
selenium homeostasis, lower selenium, and diminished levels of
several selenoproteins.

LA Protects Cu Overloaded Cells from Cu-Induced Redox Stress.
Selenoproteins influence cellular redox balance by maintaining
the ratio of reduced and oxidized glutathione (GSH:GSSG)
and decreasing levels of peroxides (48, 49). We hypothesized
that the LA-dependent increase in selenoproteins improves the
antioxidant capacity of KO cells and diminishes oxidative stress
caused by excess Cu. To test this hypothesis, we first used GRX1-
roGFP2-based redox sensors targeted to different intracellular
compartments (29, 50) and live cell measurements before and
after treatments with LA for 10 d. Targeting of GRX1-roGFP2,
MTS-GRX1-roGFP2, and NLLS-GRX1-roGFP2 to the cytosol,
mitochondria, and nuclei, respectively, was verified by laser-scanning
microscopy (SI Appendix, Fig. S13). As expected, nontreated KO
cells show higher sensor oxidation in all three cellular compartments
compared to nontreated WT cells (29) and (Fig. 4 A-C) treatment
with LA significantly decreased sensor oxidation in the cytosol,
mitochondria, and nuclei of KO cells, indicative of improved redox
balance (Fig. 4 A-C).

To verify this conclusion, we examined protein oxidation in
WT, KO, and KO cells treated with LA. We focused on the
sulfur-containing amino acids, Cys and Met, because they are
highly susceptible to oxidation, which can be prevented or reversed
by other sulfur-containing molecules and/or by selenoproteins,
such as methionine sulfoxide reductases MSRB1 (51). In total,
there were 6,949 uniquely oxidized peptidoforms [i.e., unique
peptides with specific modification(s)] across 2,271 proteins. To
compare protein oxidation between the WT, KO, and KO+LA
samples, we selected 2,400 peptidoforms that were found in all
three groups and evaluated distribution of abundances of oxidized
peptides normalized to total protein. This analysis demonstrated
that the KO cells have significantly higher protein oxidation and
that treatment with LA significantly decreases it (Fig. 4D). Initial
evaluation of proteins undergoing LA-reversible oxidation found
that these proteins are located in different cellular compartments
and are involved in regulation of cytoskeleton assembly (Map6,
Myolc, Tagln2), chromosome maintenance and RNA processing

https://doi.org/10.1073/pnas.2305961120

(Eef2, Eif4g2, Mcm6), and mitochondria function (see examples
in S7 Appendix, Table S6).

To test whether the LA-dependent changes in redox balance
and protein oxidation benefit cell functions, we measured mito-
chonderia respiration using the Seahorse XF Cell Mito Stress Test
(SI Appendix, Fig. S14A). The KO cells demonstrate a lower oxy-
gen consumption rate (ref. 52 and SI Appendix, Fig. S14B) and
lower spare respiratory capacity (Fig. 4E) than W, consistent
with increased mitochondria oxidation (Fig. 4B). After 48 h of
treatment, both parameters were improved by either BCS or LA
and became similar to WT cells (Fig. 4 E'and Fand SI Appendix,
Fig. S14 Band C).

Finally, we exammed whether the defects in mitochondria func-
tion in Azp7a”" cells could be a result of a Cu-dependent loss of
mitochondria protein lipoylation, as was observed in cancerous
cells undergoing cuproptosis (53). However, western blot analysis
of major lipoylated enzymes dihydrolipoamide S-acetyltransferase
(Dlat) and dihydrolipoamide S-succinyltransferase (Dlst) found
no difference in their abundance, arguing against LA altering this
pathway in 3T3-L1 mouse fibroblasts (Flg 4 G-1). Taken together,
the data suggested that LA protects Az;v7a ~ cells from Cu overload
by diminishing Cu-induced oxidative stress.

Selenium alone Partially Replicates Effects of LA. Lipoic acid is
an antioxidant on its own (54). Therefore, it was unclear whether
the beneficial effects of LA are associated with LA increasing
cellular Se content or via Se-independent antioxidant activity of
LA. To distinguish between these possibilities, we compared the
effects of a Well known antioxidant N-acetyl cysteine (NAC) and
LA on Asp7a”" cell morphology and mitochondria resplratlon
after 10 d of treatment. NAC at 5 uM improved Azp7a™ cells
morphology, hlghhghtmg the importance of redox balance for
cell shape and size. However, NAC was 51gn1ﬁcantly less effective
compared to LA and also had no effect on A#p72""~ mitochondria
respiration (Fig. 5 A-C and SI Appendix, Fig. S15). These data
suggested that an increase of Se/selenoproteins abundance may be
an important component of LA activity. To test this hypothesis,
we treated cells with either 5 uM LA, or 1 uM Se in a form of
selenite, or both 1 uM Se and 5 uM LA. Neither Se alone nor Se
with LA decreased the cytosolic Cu as indicated by unchanged
levels of M1 and Cirl (Fig. 6 A and B). The M2 levels were
decreased (SI Appendix, Fig. S6) but remained above the WT levels,
suggesting that regulation of M2 was only partially dependent
of Cu. Cell morphology was improved by treatment with either
Se or LA (Fig. 6C), which produced similar results, and LA with
Se treatment had strongest effect on cell morphology (Fig. 6 C
and D and ST Appendix, Fig. S15). Thus, increased Se avallablhty
plays a significant role in improving morphology of Azp7a™" cells.

However, Se alone or in combination with LA did not improve
mitochondrial respiratory function (Fig. 6F and SI Appendix,
Fig. S16), pointing to an additional role of LA in mitochondria.

Discussion

Here, we show that the natural membrane permeable metabolite,
a-lipoic acid, diminishes toxic effects of elevated Cu in a cellular
model of Cu overload. The mechanism of LA action is distinct
from that of Cu chelator BCS, which gradually reduces the intra-
cellular Cu content in KO cells by limiting Cu availability. We
show that LA does not prevent Cu entry into the cells, does not
form intracellular small-molecular-weight complexes with Cu, and
does not redistribute Cu away from the cytosol. Instead, LA
improves cellular redox status and reverses protein oxidation while
Cu is elevated. Using analysis of proteomes, treatments with either

pnas.org


http://www.pnas.org/lookup/doi/10.1073/pnas.2305961120#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2305961120#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2305961120#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2305961120#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2305961120#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2305961120#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2305961120#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2305961120#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2305961120#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2305961120#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2305961120#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2305961120#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2305961120#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2305961120#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2305961120#supplementary-materials

A Cytosol B Mitochondria C Nucleus
0.5- * # #
0.15-] ’ - 0.20+ #
0.4 ® B
8 0.10+ 8 g
0.054
0.00
WO KO o8C% o\h
D E F
* ok ok ok — Spare Respiratory Capacit
.5 0.8+ P P v P y = KO, non-treated = BCS10 = LAS
© ¢ 2004 2004
= # o #
.0 — T
° £ 1501 # 160 ‘
() I =
o = *% E
o 044
8 \S; 100 g: 1004
() x %
g 0.2 8 50 O sofg =
[
>
< OC T T T 0= 0 T T T 1
3 Q L) A Q “ ] 20 40 60 80
wWT KO KO LA o°§° c?:&\\y 000\@ & o Time, min
N \@Q ® +0Q> ©
WT KO
G T 2 s 4 s e H lip-Dlat | lip-Dist
x10° X108 s
ns
2 . 2 M
puy T, I
2 Q .
TR b —— 2 g™
Lip-Dist s w . ... ww . 55kDa % 7 ‘g 71
[ [
WT KO WT KO

Fig. 4. Treatment with LA decreases redox misbalance in Atp7a’/’ preadipocytes. Oxidation of the GRX-roGFP2 redox sensor in (A) cytosol, (B) mitochondria,
and (C) nuclei of WT and KO preadipocytes after 10 d of treatment with 10 uM BCS or 5 uM LA (the number of cells in each group is > 40; n = 3). (D) Average
oxidation of peptidoforms of WT and KO preadipocytes after 5 d of treatment with 5 uM LA estimated with quantitative redox proteomics. Peptides found in
all treatment groups with a SD of mean less than 0.1 were selected for comparison. (E) Spare respiratory capacity (SRC) of WT and KO preadipocytes after 48 h
treatment with 10 uM BCS or 5 uM LA. (F) Oxygen consumption rate (OCR) of KO preadipocytes after 48 h treatment with 10 uM BCS (blue) or 5 uM LA (orange)
compared to nontreated KO cells (black). Data in E and (F) are mean + SEM. (G) Representative western blot and (H and /) densitometric analysis of lipoylated
proteins Dlat and DIst in WT and KO cells. For panels (A-F): comparison with WT cells are shown with asterisks (*) and comparison with nontreated KO cells with

sharps (#);*, # - P-value < 0.05; ** P-value < 0.01; **** #### P-value < 0.0001.

Se or NAC and by evaluating Se species in the cells, we show that
LA counteracts Cu-induced decrease of cells antioxidant capacity
by increasing selenoprotein levels by increasing Se availability
rather than altering transcription. Our data also suggest that in
mitochondria, LA shows additional Se-independent activity.
BCS reverses changes in cellular Zn and Mn content and
improves mitochondria respiratory function but does not increase
Se, nor restore GSH:GSSG balance in either the cytosol or mito-
chondria, whereas LA does. This result suggests that oxidative stress
in the KO cells is caused to a significant degree by a decrease in
selenoproteins. In Wilson disease (in patients and animal models),
antioxidant capacity is decreased, including a decrease in glu-
tathione peroxidase (55). Given our finding that At]77bf/7 mice
have lower Se levels in tissues, especially in the liver, it is tempting
to speculate that treatment with LA could be a safe supplementary
treatment that reduces oxidative stress, especially in the advanced
disease. LA has already been tested in clinical trials for treatment

PNAS 2023 Vol.120 No.40 e2305961120

of diabetic neuropathy (56) and neurodegenerative diseases (57),
where it demonstrated a favorable safety profile at doses up to
1,800 mg/d (58). With administration of 600 mg of racemic LA,
the maximum plasma concentrations of 6.86 + 1.29 ug/mL
(33 uM) could be reached (59). In our studies, we see improve-
ments using 5 uM LA.

The LA-dependent increase in intracellular Se and upregulation
of selenoproteins in WT and KO cells at concentrations as low as
5 UM is an unexpected effect of LA. Our data suggest that the
most likely mechanism is facilitation of Se uptake, as we see more
selenium with increasing LA concentration. How exactly LA
increases Se uptake is still unknown. The apparent saturation of
Se levels with higher LA concentrations and only small additive
effect, when Se is combined with LA, point to a limiting step in
this process, such as abundance/activity of a relevant transporter,
which remains to be identified. Finally, by reversing protein oxi-
dation of the RNA processing machinery, LA may facilitate
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Fig. 5. NAC partially improves morphology but not mitochondrial respiration of Atp7a™" preadipocytes. (4) Morphological changes in KO preadipocytes after
10 d of treatment with 5 uM LA or 5 uM NAC compared to nontreated KO and WT cell lines visualized with immunostaining. Cyan a-tubulin (scale bar, 50 um). (B)
Changes in cell area after 10 d of treatment with 5 uM LA or 5 uM NAC. Each dot corresponds to an individual cell. The black line represents the median cell area.
Comparison to nontreated WT cells is designated with asterisks (*) and comparison with the nontreated KO cell line is designated with sharp (#). ****, #### -
P-value < 0.0001. Cell areas were determined using ImageJ software. (C) Oxygen consumption rate (OCR) of KO cells treated with 5 uM LA (shown in orange) or
5 uM NAC (shown in blue) for 48 h compared to nontreated KO cells (shown in black). * - comparison of NAC-treated cells to LA-treated cells, * - P-value < 0.05.

protein synthesis of selenoproteins GPX4, SELENON, and
SELENOS, which are less dependent on dietary Se (60, 61).

Cu negatively affects selenoprotein expression through a poorly
understood mechanism not reversible by BCS (62), which is in
agreement with our results. Selenoproteins play an essential role in
protection of cells against oxidative stress. In WD mice, Se content
is significantly lower in the liver, heart, and brain. In Se deficiency,
the brain retains its Se content at the expense of other tissues (40).
Therefore, diminished levels of Se and selenoproteins could be an
important contributing factor to oxidative stress in WD, and LA
may be beneficial as a supplementary treatment for WD. The abilicy
of LA to improve cellular redox balance, decrease protein oxidation
and restore cell morphology in the presence of elevated Cu supports
this hypothesis. At the same time, our data do not exclude the
possibility of minor changes in cellular Cu distribution contributing
to improvement of cell phenotype. LA has relatively strong
Cu(I)-binding affinity and some selenoproteins like SELENOH
and SELENOW contain Cys-X-X-Sec motifs (63, 64), which are
similar to Cys-X-X-Cys Cu-binding motifs. LA and selenoproteins
can potentially bind excessive Cu(]) ions by these motifs into weak
complexes and reduce Cu burden.

Lipoic acid improved mitochondrial respiratory function of
Atp7a”" cells, whereas neither Se alone nor NAC have beneficial
effect on mitochondria. This result points to unique properties of
LA that are necessary for this effect in mitochondria. Examination
of protein lipoylation in mitochondria did not find significant
effects on two major markers of this process, but more detailed
evaluation is needed to better understand whether cuproptosis,
ferroptosis, or other cell death mechanisms contribute to cells’
response to Cu overload.

Previous studies found that Cu affects the structure of cytoskeletal
proteins and their assembly into microtubules (65, 66). Oxidative
stress affects the structure and dynamics of the cytoskeleton (67-70).
Excess Cu can directly bind to Cys residues of cytoskeletal proteins
or cause their oxidation, as we observed in our studies resulting in
disrupted cytoskeleton arrangement and altered cellular morphology.
We propose that BCS prevents unfavorable Cu binding to cytoskeletal
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proteins via Cu limitation and, therefore, restores the morphology of
KO cells, and further estimation of Cu-binding affinities and protein
competition experiments (21, 71) are needed to support this possi-
bility. The LA-mediated protection of redox-sensitive Cys and Met
residues of cytoskeletal proteins may have the same beneficial effect.
Our study identified several cytoskeletal proteins protected from oxi-
dation by LA treatment, and further studies will directly test the role
of this reversible modification in the cytoskeletal proteins’ function.

In summary, LA is a multifaceted player that diminishes the
consequences of Cu overload and may serve as a supportive sub-
stance to chelation therapy, as it can restore cellular redox balance,
protect proteome, and improve cellular functions.

Materials and Methods

Cell Morphology. 3T3-L1 preadipocytes were cultured in DMEM (Dulbecco's
Modification of Eagle's Medium) with 4.5 g/L glucose, L-glutamine, and sodium
pyruvate (Corning Cellgro) supplemented with 10% heat-inactivated FBS (Sigma-
Aldrich) and 1% Penstrep (Gibco). Cells were supplemented with fresh medium
every 2 d and passaged after reaching 90% confluency. Both 373-L1 and 373-L1
Atp7a™" preadipocytes were incubated with or without 5 uM, 25 uM, or 100 uM
of lipoicacid (LA, Sigma-Aldrich, cat #62320-5G-F) for various periods of time as
indicated in the text. Cells treated with 10 uM bathocuproinedisulfonicacid (BCS,
Sigma-Aldrich) were used as a positive control for Cu chelation. Treatment with
1 uM sodium selenite (Na,SeOs, 214485, Sigma; referred to as Se or selenite),
alone orin combination with 5 uM LA, or with 5 pM N-acetylcysteine (NAC, Sigma-
Aldrich, A7250) for 10 d was used to assess the effect of alternative antioxidants
on KO cell morphology. Freshly prepared chemical solutions were added to the
cells every 2 d along with a fresh medium as described above. During treatment
with LA and BCS, phase-contrast images (Olympus IX51) were taken every 24 h
to monitor changes in cell morphology; phase-contrast cells for morphometric
analysis after treatment with NAC, Se, or Se and LA combination were done on day
10 of treatment. Detailed cell morphology assessment s described in S/ Appendiix,
Supplementary Methods.

Immunostaining. Control 3T3-L1 WT cell and Atp7a™"~ cells were treated with
orwithout one of the following: 5 uM, 25 uM LA, 10 puM BCS, or 20 uM CuCl, for
several time points (24 h, 48 h, 10 d, or 17 d). At the end of each treatment, cells
were transferred to poly-L-lysine (Sigma-Aldrich) or rat tail collagen (354236,
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Corning)-coated glass eight-chamber slides at a density of 0.7 x 10" cells/well.
Further details are provided in S/ Appendix, Supplementary Methods.

Immunoblot Analysis. Nontreated 3T3-L1 WTand Atp7a™'~ cells were grown on
6-cm dishes. Details for the immunoblot experiment are provided in S/ Appendix,
Supplementary Methods.

TMT Labeling Mass Spectrometry, Peptide Identification, and Quantifi-
cation. 313-L1 WT and Atp7a ™"~ preadipocytes were cultured in 60 mm dishes
and treated with or without 5 pM LA or 10 pM BCS for 10 d. Cells were washed
with ice-cold PBS, collected, and lysed with RIPA buffer with EDTA-free protease
inhibitor cocktail on ice for 1 h and centrifuged at 3,000 g for 15 min. Protein
concentration from the obtained lysate was estimated by the BCS assay. A mixture
of 20 pg of total protein per well and 6 x sample buffer were loaded to Laemmli
SDS-PAGE gel and stained with Colloidal Blue staining (Thermo Fisher, LC6025)
to confirm the quality of proteins. Protein lysate was further diluted to a concen-
tration of 1 pg/uL. Then, proteins were reduced, alkylated, and precipitated in TCA/
acetone mixture. Protein pellets were washed with ice-cold acetone, dried, and
then reconstituted and proteolyzed. TMT labeling, peptide identification, quanti-
fication, and bioinformatics analysis are described in more details in S/ Appendix,
Supplementary Methods.

Biometals and Selenium Measurements with ICP-MS. 3T3-L1 WT and
Atp7a™" cells were cultured in 100-mm dishes and treated with or without
5 pM, 25 uM, or 100 uM LA or 10 pM BCS for 24 h, 48 h, or 10 d. Cells were

PNAS 2023 Vol.120 No.40 e2305961120

washed, collected into 15-mL metal-free centrifuge tubes (VWR), suspended with
PBS (Gibco, cat number 14190250), and counted using the Neubauer chamber
for further normalization of metal (Cu, Zn, Fe,and Mn)and Se content. Cells were
pelleted, and supernatant was removed. Cell pellets were stored in —80 °C until
cell digestion. Further details of sample preparations for ICP-MS are described
in S Appendix, Supplementary Methods.

Liquid Chromatography Coupled with ICP-MS (LC-ICP MS). 3T3-L1 WTand
Atp7a™" preadipocytes were grown on 15-cm dishes as described above. KO
cells were treated with 5 or 25 uM LA for 10 d; nontreated cells were used as
a control. Cells were washed and collected into clean 1.7-mL tubes. Cells were
pelleted, and supernatant was removed. Cell pellets were stored in —80 °C until
required. Further details of sample preparations for LC-ICP MS are described in
Sl Appendix, Supplementary Methods.

RT-qPCR. 313-L1WTand Atp7a "~ cells were grown on six-well plates and treated
with either 5 pM, 25 uM LA, or 10 uM BCS for 48 h or 10 d. Cells were washed and
collected into clean centrifuge tubes for RNAisolation. RNA isolation and further
gene expression analysis details are described in SI Appendix, Supplementary
Methods.

Mice Husbandry and Tissue Collection. Animals were housed at the Johns
Hopkins University, School of Medicine (JHU SOM) animal care facility, and the
studies followed the NIH guidelines. Animal protocols were approved by the
Institutional Animal Care and Use Committee (protocol number M017M385).
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Atp7b KO (Atp7b™") and WT mice of C57BL/6x129S6/SvEv background
(described in ref. 45) were fed with the standard pellet chow. At 4 wk or
20 wk after birth, mice were killed and perfused with PBS (Gibco, cat number
14190250).The liver, kidney, heart, and brain were used for Cu and Se analysis.
Tissues were flash-frozen and stored at —80 °C until digestion. Details of sample
preparations for ICP-MS are described in S Appendix, Supplementary Methods.
Live Imaging. WT and Atp7a™~ cells treated with or without 5 pM LA or
10 uM BCS for 10 d transiently expressing GRX1-roGFP were imaged with the
Zeiss LSM700 or Zeiss LSM800 confocal laser scanning microscope. The sensor
was excited frame by frame with a 405-nm or 488-nm laser, and emission was
detected with a 505 to 600 band-pass filter. Cells were treated with 2 mM H,0, or
10 mM dithiothreitol to achieve complete sensor oxidation or reduction, respec-
tively. IR 45405 ratios were calculated using ImageJ software. Ratiometric (IR ygs/05)
images were prepared with ZEN and ImageJ software after background subtrac-
tion. Generation of adenoviral constructs, adenoviral infection, and transfection
for compartmentalized expression of GRX1-roGFP sensors are described in more
details in S/ Appendix, Supplementary Methods.

seahorse XF Cell Mito Stress Test. WT and Atp7a ™~ cells were plated to the
96-well Agilent Seahorse XF Cell Culture Microplate and treated with or without
5 uM LA or 10 pM BCS for 48 h. Further details are provided in SI Appendix,
Supplementary Methods.

Analysis of Protein Oxidation State. 373-L1WT and Atp7a~'~ preadipocytes
were cultured in 60-mm dishes and treated with 5 pM LA 10 d. Cells were washed
with ice-cold PBS and collected and lysed with RIPA buffer with EDTA-free pro-
tease inhibitor cocktail on ice for 1 h and centrifuged at 3,000 g for 15 min.
Protein concentration from the obtained lysate was estimated by the BCS assay.
Amixture of 10 ug of total protein perwell and 4 x sample buffer were loaded to
Laemmli SDS-PAGE gel and stained with Colloidal Blue staining (Thermo Fisher,
LC6025) to confirm the quality of proteins. Protein lysate was further diluted to
a concentration of 1 pg/pland further prepared for the analysis.

Analysis of protein oxidation state was done using modifications to the
Pan-Protein Adductomics approach (72), which combines nanoflow-liquid and
overlapping-window data-independent acquisition, high-resolution tandem
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mass spectrometry. Further details on sample preparations are provided in
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statistical Analysis. GraphPad Prism version 9.4.1 software (GraphPad Software)
was used for all statistical analysis. One-way ANOVA was used unless otherwise
mentioned. All data in the figures are shown as the mean = SD unless specified.
APvalue of less than 0.05 was considered significant.

Data, Materials, and Software Availability. All study data are included in the
article and/or S/ Appendix. All data used for generation figures in the manuscript
are included with the submission (supplement). We have submitted the mass-
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