Supplemental Materials – Styrene and Ototoxicity
[bookmark: _Toc522704335][bookmark: _Toc535790489]Table S2. Summary of studies investigating ototoxic effects of styrene in rats.
	Rat stock and exposure protocol
	Electrophysiological and morphological evaluations
	Results
	NOAEL or NOAEC/Comment
	Reference

	Oral
	
	
	
	

	Sprague-Dawley (9 wks)
· n = 8
· 8.47 mmol/kg (882 mg/kg)
· 5 d/wk, 2 wks gavage in olive oil
	LM, SEM 10 days post-exposure
	OHC loss almost complete in medium and apical turns; ca. 50% of rats had losses in the basal turn
	No NOAEL
Styrene ≡ ethylbenzene
	Gagnaire and Langlais (2005)

	Long Evans (330 g)
· n = 3-6/group
· 200, 300, 400, 800 mg/kg 
· 5 d/wk, 3 wks gavage in olive oil
	· ABR (2.5-40 kHz), 12 h and 3 wks post-exposure
· LM, SEM (OHC count, caspases, apoptosis)
· Styrene in blood, cochlear perilymph and tissues
	· Dose-dependent PTS and OHC loss, especially in midfrequency region (10–20 kHz). OHC death primarily via apoptosis (OHC3>OHC2>OHC1)
· 200 ppm: 4.4% OHC loss and 2–5 dB threshold shift in middle turn
· 800 ppm: traumatic changes in Deiters’ cells after 3 d (middle turn); significant loss of OHC after 7 d
	No NOAEL
[Styrene] in blood (µg/g) = 0.0234 x gavage dose (mg/kg) + 1.3
	Chen et al. (2007)

	Long-Evans (300-350 g)
· n = 6-11/group
· 100 mg/kg for 24 wks; 200 mg/kg for 12 wks; 300 mg/kg for 3 wks; 400 mg/kg for 3 or 6 wks; 800 mg/kg for 3 wks
· 5 d/wk gavage in olive oil
	· CAP (2-40 kHz)
· LM, SEM 
	· No hearing or OHC loss in rats receiving 100 mg/kg for 24 weeks (OHC3>OHC2>OHC1)
· Cochlear amplifier not affected until 33% of OHCs are absent, then the gain of the amplifier decreases proportionally with the OHC loss, failing completely when >67% of OHCs are lost
	NOAEL = 100 mg/kg
	[bookmark: _GoBack]Chen, Tanaka, and Henderson (2008)

	Long-Evans (450-550 g)
· n = 6-9/group
· 400 mg/kg styrene, 400 mg/kg styrene + L-NAC (325 mg/kg)
· 5 d/wk, 3 wks gavage in olive oil
	· ABR before and after exposure
· LM (OHC count, apoptosis)
	· Styrene: 51.4% OHC loss in middle turn, mostly via apoptosis (also Deiters’ cells) (OHC3>OHC2>OHC1), TS = 15 dB
· Styrene + L-NAC: significantly less OHC damage, with apoptosis particularly reduced. Virtually no hearing loss (TS = 0.6 dB)
	No NOAEL
L-NAC treatment significantly reduces styrene ototoxicity
	Yang et al. (2009)

	· Long-Evans (2.5 months)
· n = 6/group
· 12 g/kg total dose:
100 mg/kg for 24 wks; 200 mg/kg for 12 wks; 400 mg/kg for 6 wks; 800 mg/kg for 3 wks 
· 5 d/wk gavage in olive oil
	· CAP (2-40 kHz)
· LM, SEM
	· 100 mg/kg: 0.4% OHC loss, TS = 4.3 dB @ 8-24 kHz
· 200 mg/kg: 5.4% OHC loss, TS = 4.5 dB @ 8-24 kHz
· 400 mg/kg: 31.5% OHC loss, TS = 11.7 dB @ 8-24 kHz
· 800 mg/kg: 50.8% OHC loss, TS = 21.3 dB @ 8-24 kHz
	NOAEL = 100 mg/kg (no comparison with control data presented)
Ototoxicity was related to daily dose level rather than total styrene dose 
	Chen and Henderson (2011)

	Wistar (200-250 g) 
· n = 15/group
· 400 mg/kg styrene
· 400 mg/kg styrene + Qter® (100 mg/kg)
· 5 d/wk, 3 wks gavage in olive oil
	· DPOAE (6-24 kHz), 7, 14, and 21 days after onset of treatment
· ABR (6-32 kHz), 7, 14, and 21 days after onset of treatment
· LM (viability of OHCs, supporting cells, and SGNs; detection of superoxide and isoprostane)
	· Styrene caused decreased DPOAE amplitudes at d7, but little progressive decrease at d14 or d21. Qter® significantly attenuated drop, with increased efficacy on d14 and d21.
· Styrene caused progressive increase in ABR TS across mid and high frequencies (from 15 dB on d7 to ca. 30 dB on d21). Qter® decreased TS by 10-15 dB after 14 d and 21 d. 
· Styrene caused marked OHC loss, especially in middle turn (40%) (OHC3>OHC2>OHC1); Qter® significantly reduced OHC loss.
· Styrene caused marked Deiters’ cell loss, especially in middle turn (30%); Qter® did not protect.
· Styrene caused 5% SGN loss; Qter® protected
· Styrene caused increased superoxide (organ of Corti, SGNs, stria vascularis) and isoprostane (OHC, Deiters’ cells, stria vascularis, SGNs); Qter® significantly protected all but Deiters’ cells.

	No NOAEL
Styrene primarily targets supporting epithelium
	Fetoni et al. (2016)

	Inhalation
	
	
	
	

	Fischer-344
· n = 14/group
· 50, 200, 800 ppm
· 6 h/d, 5 d/wk, 13 wks
	· ABR
· Histopathology
	· 200 ppm: no effects on TS or organ of Corti
· 800 ppm: ABR thresholds elevated by ca. 40 dB at 16-30 kHz
	NOAEC = 200 ppm
No exposure-related effects on
mortality or bodyweight
	Albee et al. (1992)

	Fischer-344 
· n = 24
· 800 ppm
· 14 h/d, 5 d/wk, 3 wks
	· ABR (3 days after last exposure)
· LM, SEM
	· 4 kHz minimally affected; 8 – 30 kHz moderately to severely affected
· Significant OHC loss (OHC3 > OHC2), particularly upper basal & lower middle turns of cochlea; some IHC loss
	No NOAEC
Exposed animals had lower body weights but no significant differences in clinical appearance or auditory startle response.
	Yano et al. (1992)

	Long-Evans 
· n = 8/group
· 500, 650, 850, 1,000, 1,500 ppm
· 6 h/d, 5 d/wk, 4 wks
	· Evoked potentials from the inferior colliculus (prior to and 6 wks post- exposure)
· LM, SEM
	· ≥ 650 ppm: significant OHC loss (OHC3>OHC2>OHC1)
· ≥850 ppm: significant PTS as a function of [styrene] @ 16–20 kHz
	NOAEC = 500 ppm
	Loquet,Campo, and Lataye (1999)

	Long-Evans (450-500g) 
· n = 16/group
· 750 ppm
· 6 h/d, 5 d/wk, 1 to 4 wks
	· Evoked potentials from the inferior colliculus, 2-32 kHz (prior to, immediately after, and 6 wks post-exposure)
· LM, SEM (6 wks post-exposure)
	· Significant CTS and PTS at 16-20 kHz
· PTS significantly lower than CTS at 2-20 kHz; recovery at 24 and 32 kHz not significant
· 70-86% OHC losses at 4-20 kHz (OHC3>OHC2>OHC1)
	“After a 6-week post-exposure period, slight (4.3 dB at 20 kHz) but significant recovery was observed over a large frequency range from 2 to 20 kHz.”
	Lataye, Campo, and Loquet (2000)

	Long-Evans
· n = 8/group
· Ethanol (4 g/kg)
· 750 ppm styrene
· Ethanol + styrene 6 h/d, 5 d/wk, 4 wks
	· BAER (inferior colliculus) 2-32 kHz, tested prior to and 6 wks post-exposure
· LM, SEM (at end of or 6 wk post-exposure)
· Urinary HA, MA, PGA
· CYP2E1 activity
	· Ethanol: no effect on auditory sensitivity
· Styrene: PTS at 2, 16, and 20 kH; ∼86% OHC loss (OHC3>OHC2>OHC1); ↑CYP2E1 activity; ↑urinary HA, MA, and PGA
· Styrene + ethanol: larger PTS than styrene alone over 2-24 kHz; ↑CYP2E1 activity; ↑urinary HA and PGA, no MA excreted
	No NOAEC
“By modifying the styrene detoxification process, ethanol could … accelerate the transformation of styrene to highly toxic intermediates which would aggravate the insult of the organ of Corti.”
	Loquet et al. (2000)

	Long-Evans 
· n = 12-16/group
· 1,000 ppm
· 6 h/d, 5 d/wk, 1 to 4 wks
	· BAER (inferior colliculus) 2-32 kHz, tested prior to, at end of, and 6 wks post-exposure
· LM, TEM (at end of or 6 wks post-exposure)
	· Significant PTS at 4-5 and 16 kHz
· Supporting cells damaged (membranous disorganization) in middle and upper turns
· OHC loss (OHC3>OHC2>OHC1); IHC preserved
· No difference between the different duration exposure groups, but progression of OHC loss and increased PTS were observed 6 wks post-exposure
	No NOAEC
Hensen’s cells appeared to be first target
“…[T]he real targets of styrene are the supporting cells which then cause the death of OHCs.”
	Campo et al. (2001)

	Long-Evans (~400 g)
· n = 8/group
· 750, 1,000, 1,500 ppm
· 6 h/d, 5 d/wk, 4 wks
	· BAER (inferior colliculus)
2-32 kHz, tested prior to, at end of, and 6 wks post-exposure
· LM, 6 wks post-exposure
	· 750 ppm, small TS (16–24 kHz); ≥1,000 ppm, significant TS especially at 12-16 kHz but extending to lower and higher frequencies
· ≥750 ppm, dose-dependent OHC loss (OHC3>OHC2>OHC1) in mid- & low-frequency regions; IHC loss in basal turn (high-frequency region) only at 1,500 ppm
· ≥1,000 ppm, significant decrease in SGC (but not SGF) predominant in median and basal ganglia; weak correlation between injury in organ of Corti and spiral ganglion
	No NOAEC
	Lataye et al. (2001)

	Wistar (150-300 g) 
· n = 10/group
· 100, 300, 600 ppm
· 12 h/d, 5 d/wk, 4 wks
	· ABR 1-8 kHz, tested prior to, at end of, and at 2-wk intervals until threshold stabilized
· LM, TEM, SEM (at end of or 6 wks post-exposure)
	· ≤300 ppm: no effects on OHCs or ABR
· 600 ppm: significant 2- to 3-dB PTS at 2-8 kHz, severe OHC loss, particularly in the middle turn (OHC3>OHC2>OHC1)
· No effects on IHCs or stria vascularis
	NOAEC = 300 ppm
	Mäkitie et al. (2002)

	Brown Norway (8, 12, 18, and 24 months)
· n = 56
· 300 ppm
· 6 h/d, 5 d/wk, 4 wks
	· DPOAE 5-25.4 kHz
· LM, TEM
	· No effect on DPOAE
· No loss of OHCs
· Reduced SGC density and increased “pathological cells” at 24 months
	NOAEC = 300 ppm
Results “not entirely conclusive,” and very small effects not considered adverse
	Campo et al. (2011)

	Brown Norway (20 wks)
· n = 10
· 300 ppm
· 6 h/d, 5 d/wk, 4 wks
	DPOAE 5-25.4 kHz, prior to and 4 wks post-exposure
	Small effects on DPOAE amplitudes (1-3 dB) at 6 kHz, 9.6 kHz, and 17.5 kHz
	NOAEC = 300 ppm
Very small effects seen in this study but not others by the same group not considered adverse
	Campo et al. (2014)

	ABR = auditory brainstem responses; BAER = brainstem  auditory-evoked response; CAP = cochlear compound action potential; CAR =  conditioned avoidance response; CYP2E1 = cytochrome P-450 2E1; d/wk = days/week; dB = decibel; h/d = hours/day; DPOAE = distortion product otoacoustic emissions; HA = hippuric acid; IHC = inner hair cell; kHz = kilohertz; LM = light microscopy; MA = mandelic acid; NOAEC = no observed adverse effects concentration; NOAEL = no observed adverse effects level; OHC = outer hair cell; PGA = phenylglyoxylic acid; PTS = permanent threshold shift; Qter® = soluble form of coenzyme Q10; SEM = scanning electron microscopy; SGC = spiral ganglion cell; SGF = spiral ganglion fiber; SGN = spiral ganglion neuron; SOC = superoxide dismutase; TEM = transmission electron microscopy; TS = threshold shift
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Table S3. Summary of selected epidemiological studies of styrene-induced occupational ototoxicity (1988 – present).
	Exposure
	Findings
	Comment
	Reference

	LOAEC = 32 ppm (mean) with occasional peaks up to 160 ppm
	Negative for directly exposed workers compared to unexposed controls, positive in the high frequency range, especially near 8 kHz, for directly exposed workers compared to indirectly exposed workers.
	N = 59 exposed male workers in 2 company branches; 28 workers only indirectly exposed to styrene (mean 14 ppm, max 32 ppm (31 workers directly exposed to styrene (mean 32 ppm, max 84 ppm and occasional peaks of 160 ppm); Control consisted of 94 male workers without exposure to styrene. Background noise for styrene workers was 70 dBA and 66 dBA in two branches with occasional levels of 73-96 dBA and 70-104 dBA, noise levels in controls was constant and higher at 80-85 dBA. 
	Muijser, Hoogendijk, and Hooisma (1988)

	
	Negative for pure-tone audiometry for lesions in cochlea, negative for maximum speech discrimination, positive in 3 workers for discrimination of distorted speech, positive for 6 workers for cortical response audiometry.
	N = 18 workers with a mean of 10.8 years of exposure (range 6-15 years); Styrene exposure measured annually: Low exposures were below 5.8 ppm, High exposures were between 11 and 23 ppm, and peak exposures above 70 ppm were exceptional. Comparisons made to normal reference groups for the 4 methods of auditory system assessment
	Moller et al. (1990)

	NOAEC = 25.5 ppm (mean TWA exposure of “directly exposed” workers)
Noise > 80 dBA
	Positive for noise, negative for styrene exposure based on PTA at 3, 4, 6, and 8 kHz, accounting for both noise and styrene exposure.
	N = 299 exposed workers in Ontario plants divided into not exposed, indirectly exposed, and directly exposed groups. Exposure assessed by full-shift personal air measurements. Cumulative lifetime exposures also estimated.
	Sass-Kortsak, Corey, and Robertson (1995)

	Exposure to styrene and acetone
NOAEC = 36.3 ppm (mean)
	Negative for audiometric tests (PTA, tympanometry, stapedial reflex threshold) and ABR.
	N = 20 exposed workers, no control group
	Calabrese et al. (1996)

	LOAEC = 3-4 ppm current TWA (22.5 ppm max)
Cumulative historical styrene exposures = 208 - 306 ppm-years
Noise exposure defined as >85 dBA
	Positive. Significantly poorer hearing via PTA in styrene-exposed workers (OR for abnormal PTA = 2.44 for each mmol MA/gram. creatinine in urine). Effects on DPOAE unclear.
PMTF appears more sensitive to noise than styrene exposure.
Increased CRA latencies not considered clinically significant.
Interrupted speech test appeared most sensitive.
	Case-control design. N = 65 styrene-exposed, 89 styrene + noise, 78 noise only, 81 non-exposed. Breathing-zone air and urinary MA used for current styrene exposure assessment. 
	Morata and Campo (2002);  Johnson et al. (2006)

	Styrene major component in solvent mixture
“Styrene only:” mean worklife exposure = 14.1 ppm, 80 dB
“Styrene and noise:” mean worklife exposure = 8.1 ppm, 88.6 dB 
	Positive. OR for abnormal PTA for styrene-only exposure = 5.2, OR for noise only = 3.3, OR for styrene + noise = 10.9, indicating at least additive effect
Positive linear relationship between averaged worklife exposure to styrene and hearing threshold at 6 and 8 kHz.
	Case-control design. N = 194 styrene-exposed, 66 noise only, 56 styrene + noise. Adjusted for age, gender, current and past occupational noise exposure. Breathing-zone air used for current styrene exposure, past exposure assessed via records review.  
	Śliwińska-Kowalska et al. (2003)

	No airborne styrene concentrations or noise measurements
	Negative; no differences in TEOAE amplitude, and differences between exposed vs. referent workers in PTA not considered meaningful.
	N = 16 styrene-exposed workers (laminators), 16 referents exposed to similar noise levels but not styrene. Exposure assessed via urinary MA+PGA.
	Hoffmann et al. (2006)

	NOAEC = 20 ppm
LOAEC = 30-50 ppm (> 15 years)
	Positive. Significantly elevated odds ratio for hearing loss (8-12.5 kHz) via PTA among group exposed to high levels (>30 ppm average) for more than 10–26 years.
No significant change in TEOAE.
No dose–response relationship between parameters of current or chronic exposure.
	N = 99 (low); 118 (med); 31 (high) exposed workers, based on mean urinary MA+PGA. No clear dose-response relationship of styrene with hearing thresholds.
	Triebig et al. (2009)

	LOAEC = ~ 10 ppm (median)(range < 10-15 ppm)
	Normal hearing at low and mid frequencies, a mild deficit at high and very high frequencies, and for frequencies of 4 and 6 kHz an increased hearing weakness of 20-25 dB. For all frequencies, the exposed subjects showed a lower median value than the controls.
	N = 32 workers (20 men, 12 women), Controls (52 men, 8 women). Workers were exposed to styrene but not noise. Exposure determined by urinary MA+PGA
	Mascagni et al. (2007)

	LOAEC = 9 ppm (mean worklife exposure)
Mean noise = 79 dB
	Positive. Significant hearing loss via PTA and reduced performance on temporal processing tests in styrene-exposed workers. 
	N = 59 subjects, 50 controls. Personal monitors used for worklife styrene exposure assessment. Male/female ratios and noise exposure differed in subject and control groups.
	Zamyslowska- Szmytke et al. (2009)


	LOAEC = 7–68 ppm (mean)
Mean noise = 80-84 dB
	Positive. Exposure-dependent association between styrene exposure and decreased hearing via PTA, exacerbated by noise.
	N = 423 styrene-exposed, 359 noise only, 268 styrene + noise, 354 non-exposed.
	Morata et al. (2011)

	LOAEC = 11 ppm (mean) (styrene-only)
LOAEC << 2.3 ppm (noise > 85dB) (styrene + noise)
	Positive. Significant negative correlation between DPOAE level and styrene exposure (MA+PGA).
	N = 9 styrene-exposed (all F), 6 styrene+noise-exposed (1 F, 5 M); 13 younger controls with less noise exposure. Current styrene exposure determined by personal air measurements and MA+PGA.
	Sisto et al. (2013)

	
	Positive. Subclinical but statistically significantly decreased TEOAE components at mid/high frequencies. 
	Same exposed groups, age- and sex-matched control group
	Tognola et al. (2015)

	LOAEC = 27 ppm (mean)
Noise = 82 dB
	Positive. Significantly decreased mid-frequency DPOAE, significant correlation between DPOAE and urinary oxoGuo oxidative stress biomarker.
	N = 9 styrene-exposed (all F), 8 sex- and age-matched controls
	Sisto et al. (2016)

	[bookmark: _Hlk520186644]ABR = auditory brainstem response; ANCOVA = analysis of covariance; CRA = cortical response audiometry; DPOAE = distortion product otoacoustic emissions; MA = mandelic acid; LOAEC = lowest observed adverse effects concentration; NOAEC = no observed adverse effects concentration; OAE = otoacoustic emissions; OHC = outer hair cell; oxoGuo = 8-oxo-7,8-dihydroguanosine; PGA = phenylglyoxylic acid; PTA = pure-tone audiometry; PTMF = psycho-acoustical modulation transfer function; TEOAE = transient-evoked otoacoustic emissions
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